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FOREWORD 


The  papers  presented  in  this  report  were  submitted  £or  the 
Seventh  Symposium  on  Electromagnetic  Windows  held  at  The  Ohio 
State  University,  Columbus,  Ohio,  2,  3,  and  4  June  1964.  They 
were  compiled  by  Alan  1.  Slonim  of  The  Ohio  State  University 
under  Air  Force  Contract  AF  33(615)-1081  administered  by  The 
Research  and  Technology  Division,  Air  Force  Systems  Command, 
Wright-Patterson  Air  Force  Base,  Ohio  with  Richard  A.  Ireland 
serving  as  Task  Engineer. 


The  proceedings  are  published  in  five  volumes  as  follows: 

Vol.  I 

Session  1  -  Objectives  and  New  Techniques 

Session  II  -  Materials  for  High  Temperature  Applications 

Vol.  II 

Session  III  -  Electrical  Design 

Session  IV  -  Structural  Design  for  Large  Radomes 
Vol.  Ill 

Session  V  -  Fabrication  and  Testing  of  Airborne  Radomes 
Session  VI  -  Hypersonic  Environment 

Vols.  IV  and  V 

Oral  papers  received  too  late  for  inclusion  in  Vols. I,  II,  and  III. 
Papers  submitted  for  the  proceedings  only. 
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HIGH  TEMPERATURE  TELES^IETRY 
ANTENNAS  FOR  ASSET 

by 

J.  W.  Krah 

Senior  Engineer,  Electronics 
Missile  and  Space  Engineering  Division 
MCDONNELL  AIRCRAFT  CORPORATION 
ST.  LOUIS,  MISSOURI 


INTRODUCTION 

The  severe  aerodynamic  heating  encoimtered  by  re-entr/  vehicles  has 
required  the  design  of  antennas  capable  of  withstanding  high  surface  temperatures. 
For  hypersonic  glide  recently  vehicles  the  time  duration  of  the  high 
temperature  environment  is  much  longer  than  that  associated  with  typical 
ballistic  re-entry  vehicles.  This  paper  describes  the  development  of  two 
antennas  used  on  ASSET,  a  hypersonic  glide  re-entry  vehicle.  These  are 
(l)  the  flush  mounted  dielectric  loaded  U  slc^  configuration  shown  in  Figure  1 
for  the  VHF  telemetry  band  and  (2)  the  pressurized  "open  ended"  waveguide 
X-Band  antenna  shown  in  Figure  2,  This  work  was  accomplished,  in  part,  on 
Contract  No,  AF33(6l6)-8106  for  Project  ASSET, 

While  the  final  VHF  antenna  performance  did  not  fully  meet  the  design 
objectives,  it  has  proved  to  be  adequate  for  satisfying  the  data  transmission 
requirements  of  the  ASSET.  The  X-Band  antenna  completely  satisfied  the 
design  objectivesji 

I 

DESIGN  OBJECTIVES; 

The  "»verall  design  objective  was  to  supplj  telemetry  data  from  a 
hypersonic  glide  re-entry  vehicle  constructed  of  non-ablative  material;  i.e., 
the  structure  was  radiation  cooled.  Surface  temperatures  in  excess  of 
2000°  F  were  predicted  for  the  VHF  antenna  configuration. 

The  mission  jDrofile  was  such  that  a  ham.ispherical  radiation  pattern 
with  coverage  t-  the  right  of  the  tost  vehicle  would  be  required  for 
satisfactory  telemetry  system  performance.  This  was  based  on  the  flight 
profile  for  a  laxinch  at  the  ETR  (Eastern  Test  Range,  formerly  Atlantic 
Missile  Range). 

The  antenna  electrical  performance  criteria  necessary  to  satisfy  the 
mission  objectives  are  comparable  to  those  for  similar  payloads.  However, 
the  vehicle  shape  and  flight  trajectory  are  such  that  shock  induced 
ionization  is  expected  to  cause  VHF  blackout  over  a  portion  of  the  flight. 

To  provide  telemetry  during  this  VHF  blackout  interval,  X-Band  telemetry 
was  employed,  thus  the  requirement  for  an  X-Band  antenna. 


The  power  level  required  to  cause  voltage  breakdown  (arc  over)  at  the 
antenna  surface  in  the  presence  of  the  shock  induced  ionization  was  computed^ 
and  the  proposed  system  outout  power  was  well  below  that  reouired  for 
breakdown  across  the  aperture  of  the  final  design*  However,  the  spacing 
between  some  elements  internal  to  the  VHF  antenna  was  less  than  the  aperture 
dimension  and  suitable  design  precautions  were  observed  particularly  in  the 
connector  and  the  feed  point.  The  X-Band  waveguide  was  pressurized  and 
required  a  pressure  window  on  the  antenna  which  takes  the  very  simple  form  of 
an  open-ended  waveguide. 

The  physical  environments  to  which  the  antennas  t;ere  designed  are 
very  typical  cf  missile  booster  environments  in  all  areas  except  temperature. 

It  was  recogidzed  that  specifying  raa?:iMua  operating  temperatures,  even  with 
time  intervals,  did  not  represent  a  realistic  approaci  for  establishing  the 
design  criteria.  Extensive  wind  tunnel  tests  on  the  ASSET  vehicle  configuration 
provided  heat  transfer  data  in  the  area  of  the  antenna  location.  From  this 
data  and  the  expected  flight  trajectory,  the  temperature  environments  for 
the  VHF  and  X-Band  antennas  were  calculated.  For  the  small  X-Band  antenna, 
the  fore  to  aft  surface  temperature  gradient  is  not  significant;  however, 
for  the  VHF  antenna,  with  a  large  surface  area,  these  temperature  gradients 
must  be  considered  in  the  selection  of  materials  and  in  testing  of  the 
hardware. 

THERMAL  TEST  METHODS 

The  development  of  the  Idgh  temperature  antenna  requires  realistic 
thermal  testing  as  well  as  realistic  specification  of  the  thermal 
environment.  A  considerable  part  of  this  development  effort  was  expended 
in  developing  suitable  test  criteria  and  test  methods. 

Although  the  actual  flight  antennas  encounter  an  aerodynamic  heating 
environment,  the  thermal  testing  of  the  antennas  was  conducted  in  a  radiant 
heat  lamp  facility.  The  major  objective  of  these  tests  was  to  simulate  as 
accurately  as  posaible  the  same  temperature  profile  as  predicted  for  the 
flight  hardware.  Since  the  initial  test  article  was  the  antenna  dielectric 
and  not  the  complete  antenna  system,  a  means  for  accurately  controlling  the 
radiant  energy  from  the  lamps  was  needed.  Attaching  the  control  thermocouples 
directly  to  the  dielectric  was  found  to  be  unsuitable  due  to  the  low  material 
thatmfil  conductivity.  Control  thermocouples  attached  to  the  antenna  mounting 
structure  also  were  unsuitable  because  the  structure  itself  would  heat  up 
faster  than  the  dielectric,  causing  the  lamp  bank  to  go  off  prematurely,  A 
calorimetric  method  of  controlling  the  lamp  banks  was  finally  selected. 

This  method  was  derived  by  computing  the  thickness  of  metallic  blocks  (to 
irtiich  thermocouples  could  easily  be  attached)  which  would  produce  the  same 
surface  temperature  as  the  antenna  dielectric  imder  the  flight  heating 
environment.  Thermocouples  were  then  attached  to  these  blocks  to  control 


1  C,  A.  Hinrichs,  "Ionization  Enhanced  Antenna  Voltage  Breakdown", 
McDonnell  aircraft  Report  No,  9111, 


-2- 


the  poser  input  tc  ths  laaps.  The  fore  to  aft  temperature  gradient  expected 
on  the  flight  antenna  was  simulated  by  dividing  the  heat  source  into  three 
banks  of  lamps  and  controlling  each  of  these  banks  with  the  calculated 
temperature  history  for  three  control  locations,  as  illustrated  in  Figure  3» 

The  test  specimen  and  control  blocks  are  painted  black  to  obtain  a 
uniform  high  emissivity  which  is  necessary  in  order  to  absorb  the  energj’ 
radiated  from  the  lamps.  Thermocouples  are  attached  to  the  test  specimen 
and  the  output  recorded  for  comparison  to  the  predicted  time- temperature 
history  thus  providing  the  information  necessary  to  prove  test  validity. 

In  order  to  obtain  the  required  heating  rates,  it  was  necessary  to 
place  a  metal  reflector  over  the  quartz  lamp  bank.  However,  the  metallic 
sheet  in  the  near  field  of  the  antenna  proved  very  unsatisfactory  for  making 
measurements.  The  electrical  characteristics  were  measured  with  the 
reflector  in  place  and  were  monitored  for  change  during  the  thermal  testing. 

The  results  are  not  as  accurate  or  as  conclusive  as  is  desired  but  have 
proved  to  be  indicative  and  acceptable  for  the  present  program. 

This  does  not  alleviate  the  necessity  for  more  suitable  and  adequate 
test  facilities  for  future  program  support. 

VHF  AKTEKNA  DEmOPMENT 

As  stated  previously,  the  radiation  pattern  required  for  the  ASSET 
telemetry  systems  was  essentially  hemispheric  on  ths  right  side  of  the 
vehicle.  The  system  parameters  required  an  essentially  high  radiator  efficiency 
and  low  VSWR,  Flush  mounting  of  the  antenna  with  minimum  antenna  f'-  ickness 
was  desired  to  keep  peak  surface  tempsratures  as  low  as  possible. 

Consideration  was  given  to  a  linear  slot  and  a  notch  excited  surface 
to  fulfill  these  objectives  for  the  VHF  system.  However,  their  size  and 
required  location  for  installation  produced  many  problems  in  integrating 
these  designs  into  the  airframe  of  the  ASSET  vehicle.  The  linear  slot  would 
necessarily  have  been  much  co  large  to  mount  without  seriously  affecting 
the  structural  integrity  of  the  vehicle.  The  notch  excited  surface  had 
its  limitations,  in  that,  the  areas  in  which  it  could  be  located,  were  areas 
where  temperatures  were  extremely  high  (e.g.  wing  leading  and  trailing  edges). 

The  cavity-backed  U-Slot  antenna  design  wss  chosen  because  of  its  extremely 
low  profile,  thus  its  adaptability  into  the  airframe.  Although  its  length 
and  width  ware  large  for  this  application,  it  was  felt  that  by 
dielectrically  loading  the  cavity  the  dimensions  could  be  controlled  within 
reason  and  the  smallest  possible  flush  mounted  antenna  could  be  realized. 

Material  studies  were  initiated  to  find  a  dielectric  material 
suitable  for  this  application.  A  high  temperature  dielectrometer  was 
utilized  to  measure  dielectric  constant  and  loss  tangents  of  materials  at 
temperatures  up  to  3OOO®  F,  Tests  were  conducted  on  fused  quartz,  boron 
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nitride,  beryllium  oxide,  pyroceram  and  aluminum  oxide  (alumina)*  Samples 
of  nickel,  silver,  platinum,  and  gold  platings  on  some  of  the  above 
materials  were  subjected  to  the  high  temperature  in  an  oven.  The  capability 
of  the  platings  to  withstand  the  temperature  in  an  oxidizing  atmosphere  was 
of  prime  concern.  Nickel  plating  over  a  molybdenaiTi-'.:.r.ganese  base  on  aluminum 
oxide  appeared  to  be  superior  in  surviving  the  environment. 

Alumina  was  therefore  selected  as  the  best  material  for  this  application. 
Alumina’s  dielectric  constant  of  9*5  (Room  temperature)  and  low  loss  tangent 
together  with  the  availability  of  proven  methods  of  metallizing  its  surface 
were  deciding  factors  in  the  selection. 

Electrical  prototypes  were  constructed  to  experimentally  determine  the 
slot  width  and  length,  location  of  the  feed  point  and  minimum  cavity  size. 

The  electrical  properties  of  alumina  were  reproduced  in  a  Stycast  material 
which  was  used  as  the  cavity  dielectric  in  all  electrical  development 
testing.  Optimum  performance  of  the  antenna  was  achieved  at  237.8  megacycles 
with  a  cavity  size  of  ?  inches  X  6.75  inches  X  0.5  inches.  The  slot  length 
and  width  required  were  12  inches  and  1.5  inches  respe  ' ively. 

The  antenna  location  was  governed  by  the  required  radiation  pattern 
and  maximum  surface  temperatures  on  the  vehicle.  It  was  possible  to  locate 
it  on  the  vehicle  at  a  point  where  surface  temperatures  were  minimized. 

It  was  also  desired  to  locate  it  on  a  flat  surface  since  flat  ceramic  bodies 
are  more  easily  fabricated  than  ones  with  complex  curvatures. 

The  final  location  was  determined  by  radiation  pattern  measurement  on 
a  l/4  scale  model  of  the  vehicle,  A  location  on  the  right  side  of  the 
vehicle  above  the  wing  and  toward  the  rear  was  chosen. 

The  mechanical  installation  of  the  antenna  on  a  structure  designed  to 
expand  and  contract  proved  to  be  another  problem  area.  The  difference  in 
thermal  coefficients  of  expansion  of  the  aliimina  and  the  vel  icle  structural 
material  caused  concern  over  excessive  mechanical  stresses  being  induced 
into  the  antenna  by  the  structure.  The  same  problem  existed  between  any 
metal  antenna  mounting  flange  and  the  ceramic  body.  Although  metal  to  ceramic 
seals  have  been  made  successfully  in  the  past,  an  expansion  joint  was 
required  in  this  antenna  design.  Both  of  these  problems  led  to  a  design  of 
mounting  the  metallized  ceramic  body  clamped  between  two  surfaces  as  shown 
in  Figure  4, 

Since  the  antenna  was  to  operate  at  surface  temperatures  approaching 
2000°  F  a  suitable  connector  and  coaxial  cable  were  required.  The  connector 
and  cable  chosen  were  designed  and  fabricated  by  Electronic  Sneoialty  Co, 

A  cross-section  of  the  antenna  connector  is  also  shown  in  Figure  4,  The 
connector  shell  and  center-conductor  are  made  of  KOVAR,  a  nickel-alloy  steel, 
whose  thermal  expansion  characteristics  approximate  those  of  alumina.  The 
center  conductor  is  brazed  to  the  metallized  outer  surface  of  the  cavity 
(slot-side)  with  a  high  temperature  braze  material.  An  expansion  joint  is 
effected  between  the  thin  wall  of  the  center-conductor  and  the  alumina.  The 
coiinector  shell  and  alumina  dielectric  ?s  also  brazed  to  the  metallized  alumina 
body. 


-4- 


The  connector  was  silver-plated  and  a  flash  of  rhodium  added  to  give 
protection  from  oxidation  at  temperature.  A  high  temperature  metal  to  metal 
seal  is  incorporated  for  a  seal  with  the  mating  connector. 

The  mating  connector  is  fabricated  of  KOVAR  and  attached  to  a  cable 
manufactured  by  McGraw-Edison  Co.  The  cable  assembly  is  shown  in  Figure  5» 
The  inner  and  outer  conductors  are  of  OFHC  copper.  A  powdered  silica  is 
used  as  the  dielectric.  The  outer  conductor  is  sheathed  within  a  AISI  3^7 
stainless  steel  jacket.  The  cable  used  has  a  diameter  of  .170  inch 
although  larger  cables  with  smaller  attenuation  are  available. 

Before  the  VHF  antenna  design  could  be  finalized,  the  capability  of 
the  alumina  block  to  withstand  the  high  heating  rates  and  consequent  large 
therrual  gradients  had  to  be  demonstrated.  A  number  of  blocks  were  subjected 
to  what  was  thought  to  be  the  required  environment  with  numerous  failures. 

Due  to  the  low  thermal  conductivity  of  the  test  specimen,  problems  were 
encountered  in  attempting  to  control  the  heat  flux  inputs  by  measuring  the 
surface  temperature  of  the  dielectric  with  thermocouples.  Consequently, 
surface  temperatures  higher  than  those  desired  were  attained  and  caused 
failures  of  the  ceramic  bodies  due  to  excessive  temperature  gradients 
(thermal  shock).  The  calorimetric  control  system  described  earlier 
was  utilized  and  the  alumina  body  survived  the  required  environment. 

The  black  paint,  used  during  thermal  tests  to  enhance  absorption  of 
energy  from  the  radiant  heat  lamps,  was  also  applied  to  the  flight  hardware. 
The  emissivity  of  nickel  and  alumina  is  approximately  0,3  while  for  the 
black  paint  it  is  0,8,  According  to  theory,  the  increase  in  emissivity  will 
allow  more  heat  to  be  radiated  from  the  antennas  during  flight  and  result  in 
reduced  surface  temperatures. 

An  engineering  model  of  the  antenna  was  then  subjected  to  the  radiant 
heat  test  and  electrical  measurements  were  made.  The  results  indicated  that 
a  very  definite  lowering  of  resonant  frequency  at  elevated  temperatures  had 
occurred.  It  was  determined  after  the  test  that  a  significant  part  of  the 
shift  was  due  to  a  change  in  position  of  the  metal  reflector  required  for 
the  quartz  lamps.  The  change  in  physical  size  of  the  cavity  and  the  slot 
also  contributed.  Another  contributing  factor  was  the  change  in  dielectric 
constant  of  the  alumina  at  elevated  temperature. 

The  curve  of  Figure  6  exhibits  the  narrow-band  characteristic  of  the 
antenna  at  room  temperature.  Although  the  dielectric  constant  change  with 
temperatuae  was  anticipated,  it  was  felt  that  the  magnitxide  of  the  shift 
would  not  affect  the  antenna  tuning.  Obviously,  this  assumption  was  not 
valid  for  the  U-Slot  antenna,  Possj,bly  a  more  wideband  antenna  type  would 
have  given  much  better  performance.  The  frequency  shift  war-  in  the  range  of 
5  megacycles  and  possibly  with  additional  bandwidth  tbe  frequency  shift  could 
be  tolerated. 
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At  this  time,  it  was  decided  to  attempt  to  limit  the  antenna  temperature 
to  a  point  where  the  telemetry  system  signal  margins  could  absorb  the  mismatch 
loss  due  to  the  frequency  change.  A  nvimber  of  tests  were  conducted  to 
determine  the  shift  in  frequency  with  temperature.  A  quartz  window  and 
insulation  were  placed  over  the  basic  radiator  to  decrease  its  maximum 
temperature  from  about  2000°  F  to  less  than  1000°  F. 

A  typical  cross-section  is  shown  in  figure  7»  ^he  quartz  window  is 
0.125  inches  thick  and  is  painted  with  the  black  ceramic  paint  to  increase 
its  emissivity.  Beneath  the  window  is  a  0.125  inch  layer  of  H.  I.  Thompson’s 
A-lOO  Fibrous  insulation.  A  layer  of  CS  1000  insulation  is  clamped  between 
the  vehicle  skin  and  the  vehicle  structure  to  eliminate  a  direct  heat  "short** 
at  the  edges  of  the  antenna.  The  antenna  is  moxinted  in  its  retainer  on  a 
layer  of  Refrasil  Cloth  which  is  also  wrapped  around  the  sides  of  the  antenna. 

This  configuration  reduced  the  antenna  temperatures  to  a  maximum  of 
700°  F  as  shown  in  the  temperature  history  of  B'igure  8.  The  anlerina  ir 
tuned  to  a  resonant  frequency  higher  than  the  transmitter  frequency  at  room 
temperature.  The  resulting  mismatch  loss  is  absorbed  by  the  excessive  system 
signal  margin  present  when  the  vehicle  is  "on  the  pad".  The  amount  of 
de-tvining  is  obtained  by  predicting  the  antenna  temperature  history  and  by 
knowing  its  characteristic  change  in  resonant  frequency  with  temperature, 
the  magnitude  of  the  de- tuning  is  determined.  The  average  detuning  on  ASSET 
antennas  has  been  about  3  megacycles. 

Since  this  antenna  configuration  satisfied  the  ASSET  telemetry  system 
requirement,  no  further  development  effort  was  undertaken, 

X-BAMD  ANTENNA  DEVELOPMENT 

The  radiation  pattern  required  for  the  X-Band  telemetry  was  identical 
to  that  required  for  the  VHF  system.  An  antenna  capable  of  flush  mounting 
and  withstanding  one  atmosphere  of  differential  pressure  was  required.  The 
open-ended  waveguide  antenna  was  chosen  because  of  its  adequate  radiation 
pattern  and  relative  simple  mechanical  design. 

All  material  studies,  fabrication  techniques  and  experience  were  applicable 
to  the  development  of  the  X-Band  antenna.  Alumina  was  chosen  as  the  window 
material  for  this  reason.  A  window  was  fabricated  of  a  Stycast  material  and 
used  to  determine  the  window  thickness.  The  thickness  of  the  alumina  window 
for  minimum  VSiVR  at  9320  megacycles  was  determined  to  be  .215  inches.  A 
VSWR  vs.  frequency  plot  is  shown  in  Figure  9, 

The  problem  of  maintaining  one  atmosphere  of  differential  pressure  inside 
the  waveguide  during  elevated  temperatures  was  considered  a  major  one.  An 
effective  seal  between  the  alumina  window  and  the  waveguide  walls  had  to  be 
accomplished,  h  cross-section  of  the  antenna  is  shown  in  Figure  10  to  illustrate 
how  this  was  accomplished.  The  antenna  mounting  flange  was  fabricated  of 
KOVAR.  Although  the  thermal  expansion  characteristics  of  alumina  and  KOVAR 
are  similar,  it  was  decided  to  add  an  expansion  joint  between  the  window  and 
the  mounting  flange.  This  expansion  joint  is  accomplished  by  brazing  the 
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alumina  window  inside  a  *010  inch  thick  KOVAR  expansion  sleeve  whose  inside 
dimensions  are  that  of  stand ‘ird  MS  90035-52  waveguide.  The  expansion  sleeve 
is  approximately  twice  as  long  as  the  thickness  of  the  window.  The  sleeve 
is  then  brazed  to  the  mounting  flange.  The  mounting  flange  has  been  machined 
to  dimensions  to  allow  a  small  gap  around  the  expansion  sleeve.  All  stresses 
induced  by  differences  in  thermal  expansion  characteristics  between  the 
alumina  and  the  KOVAR  mom.  ting  flange  are  then  relieved  in  the  thin  expansion 
sleeve.  Behind  the  expansion  sleeve,  a  length  of  standard  MS-90035-52 
waveguide  and  a  MS90058-40B  waveguide  flange  are  brazed. 

The  braze  materials  used  are  shown  in  Figure  11.  It  should  be  noted 
that  various  braze  materials  were  used.  This  is  possible  because  temperatures 
throughout  the  antenna  vary  as  shown  in  the  temperature  history  of  Figure  12, 

The  use  of  different  braze  materials  allowed  the  brazing  to  bo  accomplished 
in  tliree  separate  steps.  Maximum  precision  in  positioning  the  parts  was 
therefore  obtained. 

Oxidation  of  the  basic  materials  at  elevated  temperatures  was  another 
problem  area,  A  highly  conductive  plating  or  coating  was  required  to  allow 
the  antenna  to  operate  efficiently.  A  silver  plating  with  a  rhodium  flash 
was  used. 

Temperature  tests,  of  this  antenna  were  conducted  using  the  quartz  lamp 
radiant  heat  facility.  The  antenna  VSWR  varied  slightly  during  thermal 
tests  but  the  change  was  insignificant.  The  one  atmosphere  of  pressure 
differential  inside  the  waveguide  was  maintained  throughout  the  test.  The 
pressure  differential  increased  slightly  due  to  expansion  of  the  air  inside 
waveguide  as  its  temperature  was  increased. 

CONCLUSIONS 

The  antennas  described  were  developed  to  satisfy  a  particular  program 
and  requirem.ent.  The  VHF  antenna  does  not  meet  the  design  expectations  and 
is  far  from  optimum  in  thermal  performance;  however  it  does  satisfy  the 
prese.'it  program  requirements. 

Problems  were  encountered  in  testing  antenna  electrical  characteristics 
at  high  temperature.  Improvements  in  testing  methods  were  required  and 
were  partially  achieved.  Improvement  in  test  facilities  is  still  required. 

Specification  of  maximum  steady-state  temperatures  for  antennas  is 
not  a  realistic  description  of  the  environment  encountered  in  transient 
heating.  The  heat  flux  and/or  the  temperature  history  should  be  specified. 

The  fabrication  technique  used  for  the  X-Band  antenna  has  been  satisfactory. 

The  fabrication  technique  for  the  VHT  antenna  leaves  something  to  be 
desired  in  the  areas  of  producibility  and  dielectric  characteristics.  Additives 
to  alumina  may  provide  a  material  with  improved  thermal  stability  of  dielectric 
constant.  The  manufacturing  technique  can  be  improved  and  should  be  suitable 
for  large  quantity  production. 
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INTRODUCTION 


Slip  cast  fused  silica  is  currently  being  considered  for  missile  radome 
applications.  One  of  the  major  questions  regarding  this  material's  use  as  a 
radome  has  been  its  ability  to  withstand  rain  erosion  or  rain  impact.  For  this 
reason  rain  environment  tests  were  conducted  at  the  Naval  Ordnance  Test  Station 
(U.S.  NOTS),  China  Lake,  California,  to  determine  the  capability  of  the  material 
to  withstand  rain  environments  when  traveling  at  supersonic  velocities. 


PURPOSE 

There  are  a  number  of  factors  that  influence  the  rain  erosion  or  rain  impact 
resistance  of  a  radome  in  a  specified  environment.  The  most  important  of  these 
are:  (l)  Strength  of  material,  (2)  Hardness  of  material,  (3)  Surface  finish, 

(4)  S^pe  of  radome,  (5)  Missile  velocity,  (6)  Rain  drop  size,  (7)  Rain  rate,  and 
(8)  Length  of  rain  field.  The  objectives  of  this  series  of  tests  were  (a)  to 
determine  the  effectiveness  of  a  plasma  glazed  surface  as  a  protective  coating 
on  slip  cast  fused  silica,  (b)  to  compare  tLe  differences  of  a  rounded  nose  vs.  a 
pointed  nose  radome,  and  (c)  to  determine  what  effect  a  metal  tip  has  on  the  ability 
of  slip  cast  fused  silica  to  withstand  a  rain  envirorment.  Thus  the  first  four 
factors  mentioned  above  were  varied  during  the  tests  and  the  remaining  four,  which 
are  a  fvmction  of  the  particular  test  facilil^,  were  essentially  held  constant. 


TEST  FACILITY 

The  Supersonic  Naval  Ordnance  Research  Track  (SNORT)  at  NOTS  runs  in  a 
northerly  direction  for  21,500  feet.  The  first  2,000  feet  is  used  for  the  sled 
acceleration  phase,  the  next  2,500  feet  is  exposed  to  simulated  rain  fall  while 
the  remaining  17,000  feet  are  required  to  slow  the  vehicle  to  a  stop.  Plastic 
water  bags  are  taped  on  the  last  1,500  feet  of  the  track  to  provide  the  necessary 
energy  exchange  to  stop  the  sled  completely.  The  curvattire  of  the  earth  is  takan 
into  consideration  by  raising  the  track  at  one  end  by  several  inches.  Earth's 
rotational  effect  is  negligible  and  therefore  omitted. 
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Artificial  rain  is  created  sprinkler  heads  located  five  feet  above  and 
on  the  west  side  of  the  track.  Sampling  of  the  rain  field  area  showed  that  the 
drop  distribution  was  the  same  over  the  Stjapled  area  arid  coireBpondod  to  that 
occurring  in  two  inches  per  hour  of  natural  rainfall  (See  Figure  1),  Since  the 
track  area  is  exposed  to  wind^  testa  are  cancelled  if  there  is  a  crosswind  of  fire 
knots  or  more,  Sandia  Corporation  has  concluded  that  the  average  drop  size  in 
an  average  rain  storm  is  1,5  millimeters  with  a  rate  of  fall  of  half  inch  per  hour 
(227  drops  per  cubic  foot).  The  artificial  rainfall  for  these  tests  had  an 
average  drop  size  of  2,0  millimeters  at  a  rate  of  2  inches  per  hotir. 

The  sled  mounts  two  radomes  and  consists  of  streamline  fairings  back  of  the 
rai^omes.  This  provides  aerodynamic  stability  and  mounts  a  telemetering  pack  with 
a  stub  antenna.  The  sled  is  powered  by  two  Cajun  Rockets,  each  delivering  8,000 
pounds  of  thrust.  The  test  specimens  are  mounted  at  a  zero  angle  of  attack, 

4  dunBQr  run  was  made  on  March  3,  1963  to  obtain  velocity  curves  for  this 
series  of  tests  (See  Figure  2), 


TEST  SAMPLES 

Four  runs,  consisting  of  two  radomes  each,  were  made  during  this  series  of 
tests.  Six  different  radomes,  all  approximately  13  inches  in  length  and  5,5  inches 
in  diameter,  were  tested.  Of  the  six  radomes  tested,  five  were  fabricated  as  a 
Joint  project  of  the  Ceramics  Branch,  Engineering  Bbeperiment  Station,  Georgia 
Institute  of  Technology,  and  General  Dyn^cs/Pomona,  Two  of  these  radomes  were 
run  twice  in  order  to  determine  the  effect  of  a  prolonged  rain  environment,  Thf 
attachment  method  for  these  radomes  consisted  of  a  slotted  al\minum  ring  having  a 
6^  taper  bonded  into  the  radome  by  means  of  a  room  temperature  cure  epo^gr  adhesive 
(Shell  901 /B1),  Fiberglass  insulation  was  then  wrapped  around  the  exposed  aluminum 
in  order  to  minimize  the  temperature  of  the  attachment.  This  design  is  shown  in 
Figure  3,  The  sixth  radome  was  of  hl^  purity  fused  silica  and  was  manufactured 
by  Coming  Glass  Works,  Coming,  New  York,  The  attachment  consisted  of  a  bonded 
nylon-phenolic  ring  overwrapped  with  fiberglass. 


The  results  of  the  four  sled  runs  cure  summarized  below: 

Run  #1  -  (EAST)  The  test  specimen  was  a  rounded  nose  (1,12  inch  diameter)  radome  in 
the  "as  east*  condition  with  a  0,350  inch  wall.  The  thickness  through  the 
nose  was  1,01  inches  before  the  run.  Approximately  0,40  inch  of  material 
was  roBOved  from  the  tip  ly  the  rain  drops, 

(WEST)  The  test  specimen  was  a  rounded  nose  radome  that  had  been  arc  plasma 
glased.  The  thickness  throu^  the  nose  was  0,87  inch  before  the  test.  The 
tip  eroded  back  approximately  0,45  inch  during  the  test, 

Ron  #2  -  (EAST)  The  test  specimen  was  a  pointed  mdome  having  a  0,350  inch  wall  and 
approximately  a  1 ,5  inch  thick  nose.  The  entire  surface  was  are  plaout 
glazed.  The  radome  failed  after  traveling  200  feet  through  the  rain  field, 

(WEST)  The  test  specimen  was  a  pointed  *as  cast*  radome  having  a  0,350  inch 
wall  and  1,50  inch  tip.  The  tip  eroded  0,60  inch  during  the  run  with  minor 


damage  being  evidenced  to  a  point  4.5  Inches  aft  of  the  tip.  The  radome 
was  returned  to  GD/P  where  a  steel  tip,  0.90  inch  in  length  and  0.70  inch 
in  diameter  was  bonded  to  the  radome. 

Run  #3  -  (east)  The  test  specimen  was  the  reworked  radome  from  Run  #2  with  the  steel 
tip.  The  only  visual  damage  was  a  very  small  increase  in  erosion  aft  of 
steel  tip. 

(VEST)  The  test  specimen  was  a  pointed  radome  that  had  its  forward  end 
plasma  glazed.  This  item  was  0.350  inch  thick  and  had  a  1.50  inch  nose* 
There  was  no  significant  erosion  on  the  test  piece.  'The  tip  had  eroded 
0.10  inch  with  a  few  pits  from  3  to  6  inches  aft* 

Run  #4  -  (EAST)  The  test  specimen  was  a  Coming  Glass  Works  Multiform  Fused  Silica 
#7941  with  a  very  deep  glaze  and  wall  of  0.250  inch.  The  radome  failed 
in  1,000  feet  of  rain  (station  3f000)*  Pieces  were  foxmd  at  station 
3,175* 

(VEST)  The  test  specimen  was  a  pointed  partially  glazed  radome  that  had 
survived  run  #3*  Erosion  was  increased  by  0*25  inch,  resulting  in  total 
erosion  for  the  two  runs  of  0*45  inch* 

Photographs  of  the  fused  silica  radomes  before  and  after  exposure  to  the  rain  field 
are  shown  in  Figures  4  throu^  23,  together  with  synehroballistic  camera  shots 
taken  at  1975',  3175'  and  4500',  which  are  stations  immediately  before  the  rain 
field,  approximately  in  the  center  of  the  rain  field,  and  just  past  the  rain  field, 
respectively* 

These  photographs,  together  with  the  location  along  the  track  where  debris  was 
found,  give  a  good  indication  as  to  where  radome  failure  occurred*  They  also  pro¬ 
vide  an  insif^t  into  the  rate  of  material  erosion.  For  example,  careful  inspec¬ 
tion  of  Figure  5  shows  that  most  of  the  total  erosion  took  place  between  3175'  and 
4500'*  This  indicates  that  when  erosion  once  starts  it  progresses  quite  rapidly* 
Figure  10  shows  a  similar  effect  with  the  pointed  unglased  radome  and  also  shows 
that  the  pointed  ^zed  radome  failed  in  the  first  half  of  the  rain  field*  Figure 
20  again  danonstrates  that  most  of  the  erosion  occurs  during  the  last  half  of  the 
runs  and  also  shows  that  the  Coming  radooe  failed  in  the  rain  field  prior  to  3175'* 


DISCUSSIOH 

In  general,  the  rain  erosion  results  on  slip  cast  fused  silica  were  quite 
encouraging*  The  effects  of  two  Important  parameters,  namely  glazing  and  specimen 
geometry,  were  determined*  In  addition,  the  tests  proved  'tiiat  the  material  is 
structurally  adequate  to  withstand  hi^  vibrations  (up  to  approximately  lOOg's) 
and  'ttiat  the  bonded  attachment  used  is  satisfactory* 

Perhaps  the  most  significant  factor  learned  fr<»i  the  tests  was  the  great 
importance  of  specimen  geomtry.  Both  radomes  on  run  #1  had  rounded  noses  and 
both  encountered  considerable  erosion  in  the  nose  area.  Approximately  0*50  inch 
of  mat^al  was  eroded  from  the  nose  of  each  radome  irrespective  of  the  surface 
finish  (glazed  or  unglazed). 

Significant  improvement  was  found  with  the  pointed  radomes  and  in  this  ease 
the  surface  condition  did  appear  to  be  important*  Whereas  the  pointed  ung^sed 
radome  eroded  back  to  a  0*50  inch  diameter,  the  glased  radome  underwent  erosion  of 
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i«88  uaan  0,12  inch  on  the  tip.  When  run  for  a  second  tine;  the  fitter  rad(»ae 
eroded  back  to  a  0*37  inch  diaaeter.  This  dmonstrated  again  that  a  point  is  rery 
desirable  from  a  rain  erosion  standpoint. 

The  unglased  pointed  radome  from  run  #2  was  run  again  in  run  #3  after  a  ste^ 
tip  had  been  added  to  it.  The  radome  itself  vas  prepared  for  the  addition  of  the 
tip  by  saving  off  the  partially  eroded  tip  at  a  diameter  of  0.70  inch.  The  steel 
tip,  haring  a  base  diameter  of  0,70  inch  and  a  hei^t  of  0,375  inch  was  bonded  to 
the  radome  by  means  of  an  epoxy  (Shell  901 /Bl).  Very  little,  if  any,  additional 
erosion  took  place  during  the  second  run.  It  appears  therefore  that  the  addition 
of  a  metal  or  dense  ceramic  tip  to  a  slip  cast  fused  silica  radome  eou3.d  be  quite 
helpful,  although  not  necessary,  from  a  rain  erosion  standpoint, 

Inother  interesting  fact  that  vas  detexnined  as  a  result  of  these  tests  is 
that  unlike  most  brittle  ceramic  materials,  slip  east  fused  silica  can  undergo 
considerable  erosion  without  failing  catastrophically.  It  is  felt  that  the  reason 
for  this  is  the  1C  <-  porosi^  present  in  the  fused  silica.  This  porosity 
provides  a  means  of  stopping  a  crack  that  is  propagating  throng  the  material  as 
a  result  of  rain  ii^Miet,  In  a  ceramic  material  of  essentially  thaorstioal  density 
there  is  no  provision  to  inhibit  crack  propagation  once  a  crack  Irns  been  initiated, 
and  catastrophic  failure  results.  The  inher  nt  porosity  of  slip  oast  fused  silica 
ia  thus  seen  as  a  benefit  from  the  standpoint  of  impact  resisterce. 


COHCLUSIONS 

As  a  result  of  these  tests  several  conclusions  can  be  drawn  regarding  the 
b^vior  of  slip  oast  fused  silica  in  a  rain  environment* 

1,  Slip  cast  fused  silica  will  erode  without  undergoing  catastrophic  failure, 

2,  Glazing  improves  the  rain  erosion  resistance  of  pointed  slip  cast  fused 
silica  radomes, 

3,  The  erosion  rate  is  affected  greatly  by  specimen  geometry,  with  pointed 
radcmies  shoving  the  least  erosion, 

4,  Erosion  can  be  minimized  by  the  use  of  a  small  metal  or  dense  ceramic  tip, 

5,  Slip  cast  fused  silica  has  sufficient  strength  to  withstand  the  vibration, 
accelerations  and  accoustics  of  a  missile  fli^t  and  launch. 
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FIGURE  5  —  Synchroballietic  Camera  Shots  of  P-jux  #1 


FIGURE  9  —  Pointed  Glazed  and  Unglazed  Radones  Before  02 


FICRJRE  10  -  Synchroballistic  Camera  Shota  of  Ra  #2 


FIGURE  11  -  Pointed  Unglazed  Radome  and  Attachment  Ring  of  Glazed  Radome 
After  Run  #2 


FIGURE  12  •  Closeop  of  Ihiglased  Radome  Aft«r  Run  #2 


FIGURE  1 3  —  Attachment  Ring  Fjron  GLi  -  dd  Radome  After  Run  #2 


FIGURE  14  -  Pointed,  Tip  CUmTud  and  Steel  Tipped  RadcmeB  Before  Ron  #3 


■TxuuAJS  15  -  SjnchrobaUistic  Camera  Shots  of  Rim  #3 


FIGURE  15  -  Sjxtchroballistie  Camera  Shots  of  Rim  #3 
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PTOURE  16  -  Pointed  Radotnes  After  Rttn  ^3 
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PIGBRE  17  -  Olosaup  of  Pointed,  Jlp  Glatod  Radomo  After  Bun  #3 


figure  17  -  Closerup  of  Pointed,  Tip  Glaeed  Rfldnm«  p. 


FKUHE  19  Pointed,  Tip  Glasad  Radoau)  (Second  Rnn)  azki  Coming  Foeed 
Radome  Before  Ron  #4 


7IGURS  20  »  Synchroballistle  Cssera  Shots  of  Ran  #4 


FIGURE  22  -  Closeop  of  Polntad,  Tip  Glazod  Radoae  After  Rune  and  #4) 


FIGURE  23  -  Closeup  of  Coming  Attaofament  Ring  After  Ron  #4 
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TPS-B^t  RADOME 


INTRODUCTION 


The  dual  wall  air  Inflated  structure  has  been  developed  to 
satisfy  a  need  for  a  structure  with  capabilities  that  were  not 
available  in  rigid  structures  or  in  the  single  wall  air  supported 
structures.  The  required  capabilities  were  evolved  from  the  needs 
of  transportable,  field  equipment.  The  dual  wa]l  construction  has 
been  used  both  on  shelters  and  radomes  and  provides  the  fast  and 
easy  erection,  lightweight,  minimiim  transport  volume  common  to 
all  air  inflated  or  supported  structures.  The  electrical  character¬ 
istics  of  dual  wall  radomes  are  covered  in  the  paper,  "Transmission 
Characteristics  of  Ground  Based  Radomes)*.  'This  paper  will  present 
the  general  structural  aspects,  with  detail  reference  to  the 
radome  used  with  the  TPS-3^  Radar  System, 

General: 

Description  of  the  Dual  Wall  Air  Inflated  Structure 
This  type  of  radome  consists  of  a  rigidized  wall  structure 
where  air  is  used  to  provide  structural  stiffness  to  the  walls, 
rather  than  providing  direct  support  as  in  single  wall  air 
supported  structure  design.  It  is  this  basic  difference  in  con¬ 
struction  that  provides  many  of  the  desirable  features  of  this 
design  approach. 

There  have  been  a  number  of  shelters  and  radomes  built 
using  this  principle  with  the  following  common  characteristics. 

The  air  pressure  is  contained  in  a  member  with  inner  and 
outer  walls  which  are  prevented  from  billowing  out  by  tie 
connections  with  a  width  set  to  achieve  the  required  wall 

*  OSU  Radome  Symposium  196^-  -  J.  D'Agostino  -  F.  ^louffy 
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thickness*  The  structural  member  may  be  shaped  to  be  flat  or 
curved  as  required.  The  overall  structure  can  be  made  as  a 
composite  of  dual  wall  air  inflated  members  and  cloth  or  metal 
sections.  The  dual  wall  members  can  be  considered  as  air  beams 
rather  than  as  sections  of  a  membrane  as  with  single  wall  con¬ 
struction.  The  following  advantages  are  common  to  this  type  of 
construction: 

1*  The  inside  work  area  does  not  have  to  be  pressurized  as  in 
single  wall  construction. 

2,  There  is  no  need  to  provide  a  seal  between  the  inside  work 
areas  and  the  radome  exterior.  This  eliminates  the  need  for 
keeping  door  areas  small,  the  need  for  rapid  opening  and  closing 
of  doors,  and  the  use  of  air  locks. 

There  is  no  need  to  make  the  seams  between  sections  air-tight* 
Therefore  the  section  joints  can  be  simple  and  can  be  designed 
for  optimiun  structural  efficiency* 

3*  Since  the  air  is  completely  contained  in  a  cell  the  air 
leakage  rate  is  very  low.  Inflation  blowers  need  only  be  run 
for  a  small  percentage  of  the  operating  time,  which  increases 
their  life  and  reliability  of  operation  and  decreases  the  electric 
power  consumption.  Small  capacity  blowers  can  be  used.  This 
factor  is  extremely  important  where  the  only  source  of  electrical 
power  supply  is  a  large  generator,  which  at  times  may  be  required 
only  to  provide  power  for  the  radome.  Occasional  operation  of  the 
generators  reduces  fuel  consumption,  and  wear  on  the  generators* 


In  the  event  of  an  electrical  power  failure  or  air  supply- 
failure  the  leakage  rate  determines  how  long  the  air  inflated 
structure  will  maintain  its  structural  capability.  The  low 
leakage  rate  of  the  dual  wall  construction  may  provide  hours  of 
standing  time  as  compared  to  minutes  for  a  single  wall  air 
supported  structu. es, 

h.  The  air  beam  construction  permits  a  wide  variety  of  shapes 
in  order  to  best  suit  the  system  requirements.  A  single  wall 
membrane  structure  must  have  a  basic  spherical  shape  with  a 
possible  partial  cylindrical  shape  between  spherical  ends.  On 
large  structures  with  a  height  to  diameter  ratio  greater  than 
•75>  the  floor  area  is  greatly  reduced  due  to  the  curved  in 
portions  of  the  sphere.  This  limitation  does  not  hold  for  the 
dual  wall  air  beam,  structure  which  may  have  cylindrical  walls 
or  if  needed  for  added  floor  space,  a  connical  shape. 

5.  The  dual  wall  structure  is  composed  of  a  number  of  separate 
air  beams.  Just  as  in  a  rigid  structure,  the  design  can  provide 
for  the  removal  of  members,  at  least  one  at  a  time,  without  a 
serious  loss  in  structural  strength.  This  capability  which  is 
not  present  in  single  wall  design,  presents  a  number  of  attractive 
features,  one  of  the  most  important  is  that  failure  of  an  individual 
member  will  not  cause  failure  of  the  whole  structure.  Air  inflated 
structures,  particularly  those  used  in  field  installations  are 
subject  to  damage  from  accidents  caused  by  operating  personnel, 
flying  debris,  improper  handling  and  poor  maintenance,  age  or  a 
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manufacturing  defect.  It  is  most  probable  that  a  failure  caused 
by  one  of  these  conditions  will  occur  when  the  winds  are  high. 

Loss  of  the  radome  may  then  result  in  complete  loss  of  the  system. 
These  possible  failures  can  be  predicted  and  an  added  margin  of 
safety  incorporated  in  the  design  of  the  other  beam  members  that 
will  have  to  support  the  added  load. 

6.  As  part  of  the  system  installation  it  may  be  necessary  to 
handle  a  large  sized  unit  or  during  the  course  of  operation  a 
large  sized  unit  may  be  added  or  replaced.  In  order  to  accommo¬ 
date  this  situation,  sections  of  the  dual  wall  air  beam  structure 
may  be  deflated  and  removed  or  pulled  back  to  achieve  the  required 
opening,  and  then  resecured# 

7.  For  system  erection  in  inclement  weather  it  is  easier, 
faster,  and  safer  to  erect  the  equipment  under  shelter.  In  order 
to  do  this  with  a  single  wall  shelter,  the  equipment  must  be  piled 
up,  the  shelter  cloth  draped  over,  fastened  and  inflated.  This 
procedure  may  be  difficult  and  hazardous  to  the  equipment  and 

the  radome.  The  alternative  is  a  large  airlock  which  is  objection¬ 
able.  In  contrast  the  air  beam  structure. can  be  erected  without 
the  system  equipment  inside,  and  may  be  erected,  ev^n  before  the 
equipment  arrives  at  the  site.  A  convenient  opening  may  then  be 
made  by  deflating  certain  sections  to  provide  a  sufficiently  large 
opening  for  a  truck,  fork  lift,  crane  car.  On  some  installations 
it  has  been  found  that  by  providing  a  sufficiently  deep  opening, 
the  equipment  could  be  lifted  by  a  crane  off  the  truck,  directly 
into  position,  without  difficulty,  risk  or  special  erection  equip¬ 
ment# 


8,  The  repair  of  a  beam  section  can  be  readily  made  in  place 
if  the  damage  is  not  extensive,  -^his  can  be  done  because  the 
damaged  section  can  be  deflated,  removing  the  tension  in  the 
fabric,  allowing  proper  curing  of  the  bond. 

If  the  section  cannot  be  repaired  in  place,  or  not  at  all, 
the  section  can  be  removed  and  replaced  without  disassembly  of 
the  radome  or  the  system  equipment. 

9*  The  dual  wall  area  provides  a  high  degree  of  thermal 
insulation.  This  is  important  in  that  high  operating  temperatures 
due  to  solar  heating  can  be  minimized,  and  that  the  interior  can 
be  easily  and  efficiently  heated  in  cold  climates* 

The  principles  and  advantages  of  dual  wall  construction 
were  applied  in  the  development  of  a  radome  for  the  TPS-34, 
Transportable  Search  and  Height  Finding  Radar  Systea, which  was 
developed  by  Sperry  for  use  by  the  Marine  Corps, 

The  TPS-34  radome  is  a  dual  wall  air  inflated  structure 
cylindrical  in  shape  with  a  hemispherical  shaped  top*  The  inside 
diameter  is  foot  and  the  inside  height  to  the  crown  is  41-^  foot* 

The  structure  is  divided  radially  into  8  similar  sections  for  con¬ 
venient  handling  of  the  individual  sections.  Each  section  is  a 
separate  beam  structure  in  itself.  The  section  shape  is  a 
section  of  a  cylinder  for  a  length  of  19  feet  which  blends  into 
a  sector  of  a  hemispherical  cap.  When  inflated  the  section  is 
appr jximately  18  feet  v/ide.  The  inner  and  outer  walls  are 
connected  by  fabric  ribs  spaced  every  1  ^  feet  for  a  total  of  12 
per  section*  The  ribs  are  vertical  and  aid  in  resisting  the 
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bending  momencs  in  a  manner  similar  to  that  of  ribs  in  metal 
beam  structures. 

The  ribs  are  30  inches  wide  in  order  to  provide  a  section 
adequate  beam  strength  and  stiffness. 

The  radome  was  designed  to  provide  a  weather  tight  enclosure 
and  resist  winds  in  excess  of  90  mph.  This  capability  was 
adequately  tested  by  being  in  the  path  of  hurricane  winds  with 
a  speed  of  over  100  mph. 

The  unique  properties  of  the  dual  wall  structure  were 
utilized  for  tactical  advantages  in  the  lPS-3^  syston,  as  follows; 
1,  The  antenna  size  dictated  the  need  for  a  minimum  inside 
diameter  of  4-5  feet  and  a  minimum  inside  height  of  ^li  feet* 

With  a  single  wall  spherical  radome  the  base  diameter  would  be 
2h  feet*  This  would  be  inadequate  for  structural  stability, 
installation,  and  maintenance  of  the  system  equipment*  Enlarg¬ 
ing  the  radome  diameter  sufficiently  to  obtain  sufficient  space 
would  have  been  tmeconomical  and  added  other  problems.  With  the 
air  beam  construction,  there  is  no  limitation  on  the  shape  of  the 
radome  from  the  top  hemisphere  to  the  ground,  A  cylindrical 
shape  was  chosen  as  providing  adequate  groupd  space-  If  it  were 
needed,  a  connical  base  could  have  been  used. 

With  one  section  deflated  and  opened,  a  18  foot  opening  is 
created  which  has  been  used  to  drive  in  with  a  truck  and  a  crane 
car*  The  air  beam  construction  provides  sufficient  structural 
rigidity  with  one  section  missing,  to  withstand  winds  over  60  mph* 


Since  the  sections  do  not  have  to  be  seale i  relative  to  each 
other,  a  simple  fastener,  spaced  every  Id  inches  is  uSed  to  Join 
the  sections  together.  This  fastener  can  easily  and  quic^'ly  be 
connected  and  is  relatively  foolproof.  The  fasteners  are  part  of 
a  catenary  rope  assembly  which  is  fastened  to  each  side  of  the 
radome.  The  fastener  connections  serve  as  steps  for  climbing  the 
radorae.  Unlike  sober ical  radomes  which  have  back  slopes  the  IFS-3^ 
has  vertical  walls,  which  are  easy  and  safe  to  climb. 

The  inflation  equipment  is  designed  for  rapid  inflation 
during  erection.  Two  blov/ers  are  used  for  increased  reliability 
and  more  flexible  operation.  For  the  inflation  during  installa¬ 
tion,  both  blowers  are  used  in  parallel  in  order  to  obtain  a 
maximum  flow  rate  to  minimize  the  elapsed  time.  Approximately 

20  minutes  are  required  between  the  time  the  blowers  are  started 
\ 

and  the  radome  is  fully  erected.  After  the  radome  is  erected 
the  leakage  rate  is  so  low  that  the  blower  need  only  be  operated 
for  less  than  five  (5)  minutes  in  every  four  (^-)  hour  period* 

This  extends  the  life  of  the  blower  equipment  almost  indefinitely* 
The  original  blower  assembly  has  been  in  use  six  (6)  years  without 
any  replacement.  In  order  to  stiffen  the  radome  to  resist  the 
higher  wind  speed  dynamic  loads,  the  inflation  pressure  is 
increased  by  coupling  the  blowers  in  series  by  operating  a 
connecting  valve. 

Since  the  lift  forces  are  not  excessive  and  a  seal  to  the 
ground  does  not  have  to  be  attained,  the  ground  anchorage  is 
simple*  The  radome  is  anchored  direct  to  the  groxmd  without 
recourse  to  rings  or  other  supplemental  structures.  A  steel 
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caternary  cable  i2  connecte<a  t,c  the  base  cf  the  radcr.e  by  inibedd:nf 
it  in  a  fabric  assembly  which  in  turn  is  bended  tc  the  radome 
section.  Arrow  head  type  ground  anchors,  spaced  every  3  ieet 
arourid  the  circumference  of  the  radome  base  and  connected  to  the 
caternary  cable  through  hooks  which  are  clamped  to  the  ground 
anchor. 

The  radome  has  proved  to  be  an  excellent  insulator.  During 
cold  weather  test  periods  a  50,000  BTU/Hr  heater  was  adequate 
for  comfortable  efficient  work  environment. 

For  hot  weather  operation  with  all  equipment  operating  a  vent 
was  provided  in  the  cop.  This  vent  with  the  assist  of  a  small 
blower  kept  the  temperatures  down  to  an  acceptable  level. 

The  system  is  designed  for  installation  without  power  equip¬ 
ment,  All  units  are  hoisted  and  positioned  using  simple  block 
and  tackle.  The  air  beam  construction  allows  connection  of  the 
block  and  tackle  not  only  tc  the  top  center,  but  to  any  point 
along  any  section  joint.  The  tackle  is  connected  into  the  section 
fasteners.  For  most  lifts  a  single  block  and  tackle  is  adequate 
but  for  heavy  lifts  two  and  three  are  used  together  to  share  the 
load.  Over  2000#  lifts  have  been  made  with  this  arrangement, 

Tlie  prototype  of  this  radome  was  developed  and  built  by  Bird 
Air  Structures  of  Btiffalo,  N.Y,  This  radome  was  used  to  develops 
erection  techniques,  evaluate  the  system,  and  function  as  a  radome 
enclosure  for  a  continuous  period  of  over  six  (6)  years.  It  is 
still  in  use  with  no  indication  of  a  limitation  in  its  useful  life. 
Daring  the  six  (6)  years  of  its  operation,  this  radome  has  been  used 
in  a  number  of  different  sites  in  the  continental  U.S,  with  a  wide 
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variety  of  environment  conditions  inc3udlt:g  two  hurricanes* 


In  general  dual  wall  construction  is  heavier  and  more 
expensive  than  single  wall,  due  to  the  double  walls  and  the 
interconnecting  ribs,  even  though  the  individual  walls  are 
lighter  than  for  a  single  wall.  The  added  thickness  of 
::aterial  may  affect  the  electrical  performance  to  a  greater 
extent  than  single  wall  construction,  when  the  structure 
is  used  as  a  radome# 


TYPICAL  DUAL  WALL  CONSTRUCTION 
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Micruwave  Fields  Near  a  Hollov  Dielectric  Wedge 
and  Dielectric  Slab 

G.  Tricolea  and  E.  Rope 
General  Dynamics-Electronics,  San  Diego 


I.  INTRODUCTION 

For  some  time  there  has  been  interest  in  predicting  radome  bores ight  errors,  and, 
because  practical  antenna  and  radome  configurations  are  not  such  that  boundary  conditions 
can  be  fitted,  approximate  methods  have  been  devised.  These  methods  can  be  put  into  two 
classes,  scattering  methods  and  ray  tracing  methods.  It  might  be  expected  that  the  scat¬ 
tering  methods  would  be  more  accurate  because  they  appear  to  be  more  rigorously  formu¬ 
lated;  however,  computational  approximations  made  in  the  scattering  procedures  may  limit 
their  utility  to  idealized  configurations.^  On  the  other  hand,  a  ray  tracing  method  has 
lead  to  reasonable  results  for  a  radome  enclosing  an  antenna  of  diameter  sixteen  wave¬ 
lengths.  ^  In  this  method  the  ra:lome  was  approximated  as  locally  plane.  It  is  possible  of 
course  to  make  various  approximations  which  would  then  give  rise  to  other  forms  of  ray 
tracing  methods.  Describing  the  radome  as  locally  plane  would  seem  to  be  more  valid 
for  larger  radomes  than  for  smaller  radomes.  In  fact  results  for  a  radome  of  base  dia¬ 
meter  six  wavelengths  support  this  reasonable  e;q)ectatior  ^  Therefore  it  seems  that 
consideration  should  be  given  to  modifying  ray  tracing  appioacnes  to  mclude  more  realis¬ 
tic  descriptions  of  scattering  mechanisms  not  contained  in  straigutforward  ray  tracing.  ^ 

In  this  paper  a  description  is  given  of  measurements  mi  ue  on  the  fields  propagated 
throu^  a  hollow  dielectric  wedge.  These  measurements  were  made  tx)  test  the  existence 
of  a  vertex  scattered  wave  and  of  waves  guided  by  the  dielectric  wall.  Such  waves  are 
the  sort  of  modification  to  ray  tracing  mentioned  earlier. 


II. 


.APP.AR  Tl  S  .AND  PROCEDL  RE 


A  tr.iciouave  inierferometer  used  ii-r  the  rn^ asuren!!,i:is.  A  kly.stron  generated 
microwaves  at  9.  aOu  Gc.  The  usual  arrangement  was  used  and  .'>■!  shown  in  Figure  1. 
*’recision  ol  measurements  is  *0. 1  db  Ibr  jiuwer  and  in  phase  Spacing  was  such  that 
the  2D^/A  criterion  w'as  well  exceeded. 

Measurements  were  made  with  the  ijr.  be  moved  parallel  to  the  walls  of  the  dielectric 
wedge.  Probing  paths  are  shown  as  dotted  lines  in  Figure  1.  A  set  of  parallel  paths  was 
used,  each  path  being  a  fixed  distance  from  the  v\all  Several  different  probes  w'ere  used 
so  as  to  find  what  effects  might  be  caused  by  the  probe.  An  open  end  waveguide,  a 
balanced  mono]X>le,  and  a  dipole  w  ith  a  reflector  were  used. 

The  dielectric  wedge  was  made  from,  two  plexiglas  sheets  18"  square,  and  .250" 

3:010"  thick.  An  edge  ol  each  sheet  was  b'  .elled  so  as  to  form  a  sharp  point  at  the  vertex. 
The  two  sheets  were  glued  together.  Included  angle  was  60“.  The  w'edge  was  placed  with 
its  axis  of  symmetry  along  the  direction  of  propagation  of  the  incident  wave,  which  was 
polarized  with  the  E  vector  along  the  vertex. 


m.  RESULTS  OF  MEASUREMENT 

For  a  dipole  probe  spaced  0. 125"  from  the  walls  of  the  wedge,  measured  results 
are  shown  in  Figure  2.  Data  are  shotvn  ior  the  probe  behind  the  wedge  and  for  the  wedge 
absent.  The  probe  was  moved  parallel  to  one  w-all  and  then  parallel  to  the  other.  The  y 
coordinate  is  that  shown  in  Figure  1. 

Measurements  were  repeated  with  the  sam.e  probe  at  the  same  spacing  after  re¬ 
moving  one  of  the  walls  of  the  wedge,  A  smooth  surface  resulted  on  separating  the  edges 
which  had  been  glued  together. 

The  single  slab,  which  was  one  ot  the  walls  of  the  wedge,  w'as  turned  about  so  that 
a  square  edge  was  placed  at  the  original  vertex  region.  Measurements  were  made  using 
a  monopole  probe  and  are  shown  in  Figure  4.  The  probe  was  set  at  various  distances 
from  the  wall.  The  x  coordinate  is  that  shown  in  I-  ,ure  1. 


IV.  DISCUSSION 


The  deep  miiiirr.a  oboerveu  behind  the  wedge  and  behind  the  single  slab  seem  to  be 
interference  minima.  These  are  interpreted  as  arising  from  interference  of  two 
waves.  The  first  of  these  is  transmitted  through  the  sheet  and  travels  in  the  direction 
ol  the  incident  wave.  This  wave  can  be  described  by  refracted  rays  which  emerge 
through  the  sheet.  The  second  wave  is  guided  along  the  dielectric  surface.  This  wave 
would  be  a  correction  to  ray  tracing. 

Note  that  the  extrema  are  more  pronounced  behind  the  single  slab  than  behind  the 
complete  wedge.  However,  spacing  of  minima  is  nearly  the  same  in  both  cases.  The 
notion  of  a  guided  wave  is  supported  further  by  the  rapid  decrease  of  depth  of  minima 
with  increasing  distance  from  the  sheet,  as  in  Figure  4. 

As  a  test  of  the  preceding  interpretation,  a  prediction  can  be  made  of  spacing  of 
the  minima.  Let  the  directly  transmitted  wave  be  described  ly  a  plane  wave  transmission 
coefficient  T.  For  the  wave  guided  by  a  dielectric  wall  let  kg  be  the  propagation  constant. 
For  an  infinitely  long  slab  a  propagation  constant  for  a  guided  wave  can  be  calculated  from 
well  known  theory  by  solving  some  transcendental  equations  arising  from  matching 
boundary  conditions.  We  use  this  value  for  the  present  slab  of  finite  width.  ^  For  an 
incident  wave  of  amplitude  one,  the  field  behind  the  wedge  is  then  taken  to  be 

„  „  ikfpc  ^  ikox/a 

where  x  is  cos  being  half  of  the  angle  included  by  the  wedge.  A  is  the  amplitude 
of  the  guided  wave.  An  estimate  can  be  made  of  A  by  comparing  both  the  depths  of 
minima  and  heights  of  maxima  to  the  incident  field.  One  obtains  A  =  0. 4  or  0. 5  for 
these  cases.  Spaciig  of  minima  follows  from  the  condition  that  (ko  -  kg/a)  x  is  equal 
to  a  multiple  of  ir.  For  a  wall  thickness  of  0. 250”  sukI  for  plexiglass  .measured  and 
computed  spacings  of  minima  are  shown  in  Figure  5.  {facings  are  given  in  terms  of  the 
wavelength  at  p400Mc,  A  ,.  This  value  is  1.255”.  A  dielectric  constant  of  2. 6  was 
assumed. 

The  moderately  good  agreement  of  measured  and  computed  spacings  seems  to 
support  the  preceding  hypothesis. 

Additional  measurements  have  been  made  with  hollow  cones.  These  show  results 
similar  to  the  preceding. 
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A  description  was  given  of  the  effects  of  finite  dielectric  '  *abe  on  propagation  of 
nearly  plane  microwaves.  Measurements  showed  a  very  deep  minima  behind  the  slab. 
Without  the  slab,  the  field  was  nearly  uniform.  It  was  assumed  that  the  minima  were 
produced  by  interference  of  a  plane  \vave  transmitted  through  the  sheet  and  a  guided 
wave  propagated  along  the  slab.  Quantitative  predictions  were  made  of  spacings  of 
minima  by  using  the  propagation  constants  appropriate  for  a  slab  of  infinite  extent. 
Even  with  this  idealization,  measured  and  computed  spacings  agreed  within  a  few  per¬ 
cent. 


For  a  holl  ;w  wedge  formed  by  two  slabs,  similar  minima  were  found;  however, 
effects  were  less  than  for  a  single  slab. 

Very  similar  experimental  and  theoretical  results  have  been  found  in  more  recent 
work  on  hollow  dielectric  cones. 


VI.  ACKNOWLEDGMENTS 

For  helpful  discussions  it  is  a  pleasure  to  thank  Professor  J.  H.  Richmond  of  the 
Ohio  State  University,  A.  I.  Mahan  of  the  Applied  Physics  Laboratory  at  Johns  Hopkins 
University,  and  Professor  H.  Booker  of  Cornell  University.  In  addition  Mrs.  V,  Woelber 
and  Mrs,  F.  Hayes  typed  the  manuscript  and  J.  Austin  made  the  drawings. 


4 


REFERENCES 


1.  G.  Tricoles  and  D.  Turley,  "Radome  Error  Prediction",  Aeronautical  Systems 
Division  Technical  Report  Number  ASD  TR  61-612,  January  1962. 

2.  G.  Tncoles,  "Radiation  Patterns  and  Boresight  Error  of  a  Microwave  Antenna 
Enclosed  in  an  Axially  S\‘mmetric  dielectric  Shell"  to  appear  in  Jour.  Opt.  Soc,  Am. 

3.  G.  Tricoles  and  D.  Gelmaii,  "Application  of  a  Ray  Tracing  Method  to  Predicting 
Errors  of  a  Small  Padome",  OSU-RTD  Electron  ’jnvclc  Window  Symposium  Pro¬ 
ceedings,  1964. 

4.  G.  Tricoles,  "Radiation  Patterns  of  a  Microwave  Antenna  Enclosed  in  a  Hollow 
Dielectric  Shell",  Jour.  Opt.  Soc.  Am.  55,  535,  (1963). 

5.  R.  F.  Harrington,  Time  Harmonic  Electromagnetic  Fields,  McGraw-Hill  Book 
Company,  P165. 


Figure  1.  Microwave  fiiterferometer.  Probing  Paths  are  Shown  as  Dotted  Lines 
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APPLiCAiiON  ur  A  RAY  tkACiNG  MjsiKOD  jpOR 
PREDICTTOG  RADOME  ERRORS  TO 
A  SMALL  RADOME 

G.  Tricoies  and  D.  Gelman 

General  Dynamics -Electronics,  San  Diego  and 
General  Dynamics.  Pomona 

1.  INTRODUCTION 

A  description  is  given  of  application  of  a  radome  error  prediction  method  to  cal¬ 
culating  the  performance  of  a  missile  radome  of  diameter  6  wavelengths  and  length  12 
wavelengths.  These  results  are  compared  with  measurements. 

The  theoretical  basis  for  this  work  is  iq}proximate,  being  based  on  ray  tracing  and 

on  aperture  fields.  This  same  method  has  been  applied  to  Ign  and  correction  of  ra- 

1  2 
domes  for  an  interceptor  ,  and  in  a  less  practical  case,  to  a  hollow  dielectric  wedge  . 

Theory  is  g^ven  in  References  1  and  2;  however,  a  short  review  of  the  theory 
will  be  given  in  the  second  section  of  this  paper.  In  foe  third  section,  ray  tracing  is 
described.  Radome  error  calculations  based  on  approximating  the  radome  as  locally 
plane,  will  be  described  in  section  4.  Measurements  are  described  in  section  5.  Addi¬ 
tional  calculations  are  described  in  section  6  assuming  the  radome  vertex  scatters 
energy. 

An  approximate  description  is  used  because  foe  antenna  dimensions  were  of  foe 
same  order  of  magnitude  as  the  wavelength.  This  theory  is  based  on  Schelkunoffs  in¬ 
duction  and  equivaienoe  theorems  The  basic  calculation  is  of  the  coiiq)lex  valued 


electric  field  received  by  an  antenna  in  a  hollow  shell  for  a  fixed  incident  direction  of  a 
plane  wave.  A  ray  tracing  procedure  is  used  to  describe  propagation  of  the  incident 
wave  through  che  shellc  A  ray  is  traced  through  the  shell  to  some  typical  point  near 
the  aperture,  using  Snell's  law,  the  multiple  reflections  in  the  curved  shell  are  ^proxi- 
mated  by  those  in  an  infinite  flat  sheet.  A  transmission  coefficient  is  evaluated,  at  the 
^ical  point,  for  an  incident  plane  wave  and  a  flat  sheet.  Parameters  of  this  sheet  are 
chosen  so  that  the  optical  path  of  &e  rays  in  the  flat  sheet  are  the  same  as,  or  a  multi¬ 
ple  of,  the  optical  path  of  the  ray  traced  through  the  curved  shell.  This  latter  ray  being 
that  transmitted  directly,  l.e.  not  multiply  reflected.  This  approximation  was  made  so 
as  to  consider  a  wave  incident  at  a  general  angle.  Calculations  have  been  made  only 
for  the  normal  to  the  incident  wave  being  in  the  horizontal  or  vertical  plane  throu^  the 
axis  of  symmetry  of  the  shell.  Moreover  the  aperture  plane  is  rotated  about  an  axis 
which  can  be  in  either  of  the  two  planes. 

The  electric  vector  of  the  incident  field  can  be  elliptically  polarized  in  the  theory 
but  calcuiafions  are  presented  only  for  linear  polarization.  The  dielectric  shell  pro¬ 
duces  ellipticify  of  polarization  of  the  field  propagated  through  it.  An  approximate  de¬ 
scription  of  this  ellipticity  is  included.  It  is  assumed  that  the  antenna  senses  only  the 
field  lying  along  a  single  direction  which  is  parallel  to  the  aperture  plane  but  otherwise 
arbitrary.  Thus  while  depolarization  Is  described,  only  the  field  components  in  a  given 
direction  are  detected.  This  is  in  fact  an  approximation. 
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2.  THEORY 


Calculaiiona  are  made  iu  two  steps.  First  for  a  linearly  polarized  plane  wave, 
incident  on  the  outside  of  fee  radome,  the  field  propagated  through  the  radome  is  found 
approxlsuaiely.  Then  this  field  is  coupled  into  the  antenna.  This  second  step  can  be 
made  using  an  esiperimental  i^proximation  to  the  field  produced,  in  the  antenna  trans¬ 
mission  line,  by  a  secondary  radiator,  a  H^ygens  source,  is  called  an  aper';ure  response 

1  2 

function.  Such  a  procedure  has  been  used  earlier.  *  In  fee  present  work  a  theoreti¬ 
cally  determined  x’esponse  function  was  used.  This  function  was  that  used  in  designing 
the  radar  antenna  and  yields  accurate  diffraction  patterns  in  Kircho£f  integral  calcula¬ 
tions. 


The  radome  antenna  considered  was  a  slot  array  consisting  of  four  quadrants  wife 
10  slots  per  quadrant.  It  is  significant  for  understanding  fee  calculations  later  that  fee 
quantities  observed  are  fee  differences  in  the  RF  phase  of  the  fields  produced  in  opposite 
quadrants  of  fee  antenna.  The  difierence  between  these  phase  values  can  lead  to  a 
guidance  error  in  fee  presence  of  fee  radome.  It  is  assumed  this  error  is  negligible 
in  fee  absence  of  fee  radome. 

For  angular  displacement  of  the  antenna  in  the  horizontal  or  fee  vertical  planes, 
phase  error  is  symmetric  between  two  pairs  of  quadrants.  These  planes  coincide  wife 
extremes  of  linear  rPhurfeation  relative  to  fee  plax»  of  antenna  displacement. 
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For  receiving  operation  of  the  antenna  assume  an  iitcident  field  in  the  form  of  a 
linearly  polarized  plane  wave.  Within  the  region  bounded  hy  the  radome,  the  field  is 
described  through  the  complex  valued  tran&imission  coefficients  described  later. 

Field  computations  are  made  for  certain  points  on  a  plane  near  die  antenna  and  perpen¬ 
dicular  to  its  axis,  which  in  general  does  not  coincide  with  the  axis  of  the  shell.  This 
field  is  then  considered  a  planar  array  of  equivalent  sources.  Relative,  complex 
valued  Reid  at  a  detector  connected  to  the  antenna  is  computed  by  integrating  antenna 
response  to  each  equivalent  source  over  the  plane.  Antenna  response  to  each  equiva¬ 
lent  source  is  obtained  by  first  finding  response  to  a  known  source  as  a  function  of  posi¬ 
tion.  This  function  is  the  aperture  response  function  mentioned  earlier.  Antenna 
response  to  any  equivalent  source  in  the  wave  is  then  the  product  of  the  aperture  function 
and  the  strength  of  the  source  at  corresponding  points;  similarly,  antenna  response  to 
the  entire  incident  wave  Is  then  the  integral  of  the  product  over  the  significant  part  of 
the  wave  front. 

A  basic  computation  ivS  of  the  complex  field  corresponding  to  a  fixed  direction  of 
the  incident  plane  wave.  For  another  wave  propagation  direction,  the  procedure  is 
repeated.  A  new  field  is  calculated  and  an  integration  is  done  over  these  new  sources, 
using  by  assumption,  the  same  response  function  as  before. 

Consider  a  plane  wave  incident  on  a  radome  housing  an  antenna,  as  in  Figure  1.  * 

In  the  region  bounded  by  the  radome,  the  field  is  computed  at  a  point  on  a  portion  of  a 
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plane  near  the  antenna  and  perpendicular  to  the  antenna  axis.  At  a  typical  point, 
the  field  produced  by  the  incident  wave  will  be  approximated  as  that  which  would  result 
if  the  radome  were  replaced  by  an  infinitely  broad  flat  sheet  chosen  in  the  manner  de¬ 


scribed  below.  Reradiation  by  the  antenna  will  be  ignored;  in  effect,  scattering  by  an 

isolated  dielectric  object  is  being  considered. 

From  P  ,  in  Figure  1,  a  ray  is  traced  in  the  direction  of  1  ,  a  unit  vector  along 

the  ray  to  P.,  and  then  to  P  . 

8 

The  incident  electric  field  at  a  point  P  is 


_  _  -i«t  ik  •  r(P> 

E  (P)  =  E  e  ♦  e  S 


Where 


is  the  scalar  amplitude  of  the  linearly  polarized  plane  wave, 
0)  is  the  angular  frequency, 
i  is  vci: 

k  is  the  propagation  constant, 
k  is  a  unit  vector  in  the  direction  of  propagatiem, 
r  IP)  is  the  position  vector  to  P, 


is  a  unit  vector  in  the  direction  of  the  electric  field. 


♦  All  figures  are  collected  at  the  end  of  this  report. 


At  P  the  field  is  resolved  into  coinponents  parallel  and  perpendicular  to  the  plane  of 
o 

incidence  which  contains  the  ray  and  normal  to  the  surface  at  P  .  Let  1  and  be  unit 

vectors  perpendicular  and  parallel  respectively  to  the  plane  of  incidence.  Let  £  * 

be  OL  and  e  •  1  he  B  .  Therefore,  at  P  the  incident  field  is 
~  ^  o 

E  V  )  =  E  V  )  a  1  X  +  E  V  )  /?  1  „  . 

'  o  o  ~  o  ~ 

It  is  now  assumed  that  the  field  at  P  can  be  described  by  rep  cing  the  curved  radome 

s 

by  a  flat  sheet.  This  assumption  is  probably  the  most  approximate  in  the  procedure. 
Selection  of  the  approximating  flat  sheet  is  made  as  follows.  A  ray  is  traced  from  a 
point  on  the  antenna  in  a  direction  parallel  to  the  incident  wave.  Note  that  the  ray 
tracing  is  done  from  inside  out  now.  This  is  done  for  convenience  in  numerical  calcu¬ 
lation  and  is  an  approximation.  A  ray  is  traced  from  P.  to  P^  using  the  normal  to  the 
surface  and  &iell's  law,  assuming  small  absorption.  The  distance  P.  to  P^  is  then 

calculated  by  solving  simultaneously  the  equations  of  the  refracted  ray  and  outer  radome 
3 

surface.  Now  the  approximating  plane  sneet  is  chosen  to  have  the  same  ray  path  as  the 

distance  P.  P  .  Its  thickness  is  P.  P  cos  r  where  r  is  the  angle  of  refraction  calcu- 
10  1  o 

lated  using  the  dielectric  constant  of  the  shell  and  normal  to  the  surface  at  P^. 

It  must  be  emphasized  that  this  approximation  is  physical  and  clearly  is  not  rigor¬ 
ous,  for  the  multiple  reflections  in  the  flat  sheet  and  in  the  curved  shell  will  not  lie 
identical.  For  shells  of  sufficiently  large  radii  of  curvature  this  may  be  an  acceptable 
approximation. 
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X\AX  ill  lAQ  XMVAAAACftMV**! 


tiic  £iwl^  2it>  ?  '  ° 
*"*  "  1 


(2) 


Tj^  is  a  complex  valued  transmission  coefficient  for  plane  waves  incident  on  infinitely 
broad  plane  sheets  for  perpendicular  polarization. 

In  fact  for  a  single  layer 

T  =  :T  le 

X  '  X  . 


where 


IT.  I 


^01  \o 


[.- 


2 

^0  ® 


i(2k„Sd) 


r 


-1 


ikoSd 


e 


and 

A  =  k  fS  -  cos  9.)  d  . 

*^0  1 

Here  k  is  the  free  space  propagation  constant,  d  is  the  thickness  of  the  dielectric  sheet, 
o 

e.  is  the  angle  of  incidence,  *c  is  the  relative  dielectric  constant.  Further,  t^^,  r^^, 

and  t^^  are  Fresnel  coefficients.  Finally, 

2  2 
S  =  K  -  sin  0. 

1 

Tjj  is  defined  similarly  for  parallel  polarization. 

Next,  an  assumption  is  introduced  concerning  polarization  properties  of  the  receiv¬ 
ing  antenna.  Cross  polarization  effects  depend  on  the  symmetry  of  the  antenna  and  on 
the  symmetry  of  the  polarization  of  the  field  propagation  throu^  the  shell.  Assume  the 
receiving  antexma  responds  only  to  a  single,  linear  electric  field  component  and  let  this 
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direction  be  parallel  to  that  of  a  vector  Then  the  electric  field  component  of  the 
incident  wave  transmitted  through  the  radorae  and  in  the  directimi  of  is 


i  (arg  T  ) 

Eo^^i^  =  |TJ  E(P^)  e  1 


(3) 


with 


2  2  2 

IT  I  =  (IT  lad)  +  dTJpd')  +  2|TJ  lTda/36  5'cosy  ,  (4) 

6 ' 


where 


and 


y  =  argT^-argTj,  . 

Furthermore, 

aigTg  =  A.  +tan"^  [iTJailsiny  {|Tef-(|T^|  aisiny)^  j 


(5) 


At  the  field  propagated  through  the  shell  and  parallel  to  is,  using  Figure  2, 


e‘(P^) 


(e  '  1 J 

»>/  /vD' 


(6) 


The  ray  tracing  procedure  described  above  is  approximr'.e  also  because  the  ray  was 

traced  from  inside  out.  The  angle  of  incidence  is  evaluated  at  P..  It  would  seem  that 

this  should  be  done  at  P  ,  but  at  P  the  tangent  plane  is  not  parallel  to  the  tangent  plane 

o  o 

at  P^.  For  small  radii  of  curvature  this  procedure  seems  inaccurate.  It  seems  more 
serious  than  this  aj^roximation  that  an  exact  ray  tracing  procedure  is  not  used.  The 
actual,  finite  sum  of  multiple  reflections  which  would  occur  in  the  shell  is  approxi- 
mated  by  an  infinite  scries  which  would  arise  for  the  flat  sheet.  However,  the  series 
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is  a  geometric  series  in  the  square  of  the  Fresnel  reflection  coefficients;  rapid  con¬ 
vergence  is  expected  because  the  Fresnel  coejfficients  are  mostly  less  than  about  3/4. 
While  the  replacement  with  flat  sheets  is  questionable  in  principle,  experimental  re¬ 
sults  obtained  earlier  are  acceptable  for  certain  radome  applications. 

should  be  noted  that  the  present  formalism  permits  variation  of  the  direction  of 
polarization  of  the  .  receiving  antenna  independently  of  the  incident  linear  polarization. 
Hence  depolarization  can  be  described. 

Thus  an  sqsproximation  has  been  made  to  the  field  before  the  receiving  aperture. 

It  remains  to  describe  coupling  of  this  field  into  the  antenna  and  transmission  line. 

The  procedure  for  doing  this  is  again  approximate,  tt  has  been  described  previously, 

2 

but  will  be  summarized  briefly  for  convenience. 

A  wavefront  can  be  considered  as  an  array  of  secondary  sources.  By  Schelkunoff's 
induction  theorem,  each  secemdary  source  is  a  combination  of  electric  and  magnetic 
current  elements  the  moments  of  which  are  proportional  respectively  to  the  magnetic 
and  ele<jtric  intensities  tangential  to  the  wavefront.  For  a  wave  in  a  homogeneous 
medium,  the  induction  theorem  becomes  the  equivalence  theorem,  and  the  densities  of 
magnetic  current  M  and  electric  current  J  are 

M  =  n 

and 

J  =  n  X 

where  and  are  respectively  the  electric  and  magnetic  intensities  of  the  incident 
plane  wave,  and  n  is  a  unit  vector  normal  to  the  wavetiront.  For  a  linearly  polarised 
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wave  with  rectangular  components  E  and  H  ,  e&  i  element  of  area  dA  on  the  wave- 

X  y 

front  is  an  elementary  source,  a  Huygen's  source. 

For  a  wavefront  propagated  throu^  the  radome,  in  the  volume  boimded  by  the  ra- 
dome,  each  element  of  area  is  considered  as  an  elementary  source  and,  thus,  is  equiva¬ 
lent  to  an  electric  current  J  and  a  magnetic  current  J  ,  where 

m 

J  ocH 


and 


J  oc  E 
m  ~ 


Here  E  and  H  are  respectively  the  electric  and  magnetic  intensities  tangential  to  the 
wavefront.  Let  the  field  components  in  the  transmission  line  of  the  receiving  antenna 
at  P due  to  an  element  of  unit  strength  at  a  point  P,  be 


dE^  =  F  (P,  P')  dA 
G 


(7) 


R 

where  E  is  given  by  Eq.  (3).  The  point  P  here  is  a  general  point,  not  necessarily 

P(x  ,  y  ).  The  field  component  sensed  by  the  antenna  due  to  the  entire  incident  wave 
8  8 

is 

E„  =  /;  F(P,P')E®(P)dA 

^  aperture  ^ 

2 

Power  patterns  are  obtained  from  I E  I  .  The  integral  is  over  a  region  such  that  F  0. 

'  G 

It  is  assumed  that  a  reasonably  accurate  approximation  to  F  can  be  obtained  from 
the  design  distzribution.  Call  this  approximation  F^.  In  practice,  a  sum  is  made 


E^  =  S2F^(P,P')E®(P) 
G  j  k  “ 


(8) 
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3.  RAY  TRACING 


Evaluation  of  the  transmission  coefficients  described  in  the  preceding  section  re¬ 
quires  evaluation  of  path  lengths  of  the  rays.  These  path  lengths  are  found  by  solving 
equations  of  straight  lines,  the  rays,  and  the  equation  of  a  surface  of  revolution,  the 
radome  wall. 

First,  the  outside  surface  of  the  radome  is  a  surface  of  revolution,  in  a  rectangular 
coordinate  system  wit>'  coordinates  (t,  y,  z). 


2  2  2 
y  +2  =  P  (t)  . 

The  functicm  p  (t)  defihies  the  von  Karman  ogive  which  specifies  the  radome  sh^pe. 
Specifically 

P  =  a  -  sm  2  <p)  /VF, 


(9) 


where 


here  a  is  the  radius  at  the  base  and  L  is  the  outer  lengtii  of  tbe  dome.  Now  a  ray  is 
traced  from  a  point,  at  which  a  slot  would  be  located,  on  the  antenna  ^ough  the  shell. 
Thus  an  equation  is  necessary  for  the  inside  surface  of  the  radome.  Let  d  be  the  wall 
^ckneas.  Then  the  inward  pointing  unit  normal  to  the  shell  is  in  the  t,  p  plane 


(1 


^.2, -1/2 


Here  p'  is  dp/dt. 
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Thus  the  inner  surface  is  given  as 


2  2  2 
y  +  z  =  r  (X) 


(10) 


where 


and 


X  =  t  +  p'd  (1  +  p'  ) 


r  =  p  -  d  (1  + 


(11) 


Here  d  can  be  the  variable  sum  of  several  thicknesses,  should  a  multi-layer  dome  be 
under  consideration.  Finally 

•  2  ,  1,2  -1/2,  ^ 

p  =  a  (p  am  (*p  -  -  sin  <p)  /vjT 

A 


where 


<p  =  -  2L“^  {1  -  ((2t/L)  -  1)^}"^'^^ 


Next  a  ray  is  specified,  because 


x-x  y-y  z-z 

_ E  =  ■  ■-£  =  _ B 


'R 


'R 


(12) 


(Xp,  y^,  Zp)  is  a  typical  point  and  (a^,  b^^,  c^^)  are  direction  cosines  of  the  ray. 

The  simultaneous  solution  of  equations  10  and  12  is  required  for  the  point  of  inter¬ 

section  of  ray  and  radome.  We  have 


;;r 


If.p- 


a  /F  (cos 


4 

(f  -  -  i  [*  (f  ■  ‘)]  1  ' 


(13) 
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This  equation  is  solved  numerically  for  t.  From  t.  x  is  found  from  equation  11.  Next 
y  and  z  are  found  from  equaticmo  12. 

So  far  a  point  has  been  found.  At  this  point  the  normal  to  the  surface  is  found,  a 
rij^t  handed  coordinate  system  is  formed  with  two  axis  in  the  plane  of  incidence  and  a 
third  peirpendicular  so  that  the  incident  electric  field  can  be  analyzed  into  parallel  and 
perpendicular  components.  In  fact  for  direction  cosines  of  the  normal  we  have 

.22  ,2  -1/2 

N  ""  “PP  iP  *  P  P  ) 

21/2  o  -1/2 

CN=±(l-a^  [l  +  (y/z)] 

S  =  y 

where  all  quantities  are  evaluated  with  the  value  of  t  found  from  equation  13.  The  ray 
and  the  normal  to  the  surface  define  a  third  vector  (a^,  b^,  c^)  perpendicular  to  the 
plane  of  incidence.  Thus  the  polarizaticm  an^^e  is  found  because 

cos  X  =  sin  A  =  a„  a  +  b„  b  +  c„  c  . 

E  •*>  E  E  ■*■ 

Specific  orientations  of  antenna  and  radome  will  be  described  later  through  the 
coordinate  system  of  Figure  3. 
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4.  CALCULATIONS  BASED  ON  THE  FLAT  SHEET  APPROXIMATION 


Calculations  were  made,  using  the  theory  described  in  section  2,  of  &e  RF  phase 

difference  between  diagonally  opposed  quadrants  of  the  antenna  by  first  tracing  rays  to 

each  of  the  slots  in  each  quadrant.  The  result  was  a  complex  valued  RF  field  for  each 

quadrant.  The  phase  of  diis  field  for  a  given  quadrant  was  compared  wi&  the  phase  for 

a  diagonally  opposed  quadrant.  The  response  function  for  each  quadrant  is  given  in 
4 

Table  I  .  All  line  lengths  of  slots  were  assumed  equal. 


Table  I  Aperture  Response  Function 


Slot# 


Response  Function 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


1.00 

.751 

.246 

.924 

.704 

.268 

.773 

.545 

.296 

.240 


Calculations  were  made  for  the  antenna  displaced,  relative  to  the  radome,  both 
horizontally  and  vertically.  These  displacements  are  called  azimuth  and  elevation 
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gimbaliing  henceforth.  Calculations  were  done  at  aagies  of  8*,  i2=,  and  18*  between  me 
radome  and  antenna  axes  for  each  plane  of  motion,  Radome  thickness  was  varied  from 
0.2269  to  0,2394  A,,  being  the  free  space  wavelength  at  the  center  of  the  frequency 
'^jand  of  interest.  Incident  wavelength  was  also  varied  5%  above  and  5%  below  the  mid¬ 
band  wavelength,  hi  Figure  4  are  shown  computed  values  of  the  phase  difference  between 
quadrants  for  the  three  frequencies  as  well  as  the  average  difference,  averaging  being 


over  the  three  frequencies. 


It  should  be  eiqilained  here  that  these  calculations  were  made,  for  a  particular 

gimbal  angle,  by  assuming  one  plane  wave  incident  along  the  axis  of  the  antenna.  No 

spread  of  angles  was  used  as  is  done  in  calculating  boresight  error  from  antenna 
2 

patterns. 

Now  considering  Figure  4,  it  can  be  seen  that  frequency  averaging  results  in  lower 
errors  than  the  values  computed  for  die  extremes  of  the  frequency  band.  This  is  quite 
reasonable  since,  near  a  good  design  thickness,  errors  reverse  in  sign  through  the  band. 
Somewhat  more  interesting  is  that  the  mean  error  is  lower  in  most  cases  than  die  error 
at  the  center  of  the  band. 


In  addition  to  the  phase  difference  between  quadrants,  the  calculation  of  the  resultant 
field  leads  to  a  calculation  of  the  fraction  of  incident  energy  received  by  the  radome,  i.e.; , 
its  transmission  efficiency. 
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5.  MEASUREMENTS 


5 


Measurements  were  of  two  kinds.  The  first  was  of  transmission  percentage. 
Apparatus  consisted  of  a  klystron  source  energizing  an  antenna  which  illuminated  the 
antenna  housed  by  the  radome.  Without  the  radome  in  place  a  reference  level  was  set 
on  received  power.  With  the  radome  over  the  antenna,  power  received  in  a  quadrant 
was  recorded  continuously. 

First  for  a  radome  of  thickness  0.2346  A^  being  the  thickness  at  the  center 
of  the  frequency  band  of  interest,  measured  and  computed  power  is  shown  in  Figure  5. 

Most  striking  is  the  reception  of  over  100%  of  the  incident  power  for  a  range  of 
angles  in  both  azimuth  and  elevation.  Note  the  polarization  dependence, with  much  more 
pronounced  excess  for  elevation  or  predominantly  parallel  polarization  than  for  azimuth. 
The  assymmetry  with  angle  seems  caused  by  the  fact  that  each  quadrant  is  displaced 
from  the  radome  axis.  Calculations  agree  with  measurements  to  within  5%  for  azimuth. 
For  elevation,  calculations  and  measurements  differ  more,  by  about  10%.  In  general, 
the  form  of  the  measured  and  computed  curves  agree.  The  measurements  were  made 
at  the  mid -band  wavelength  A^. 
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Such  raeasuremenis  were  made  again  with  a  thicker  radome,  mechanical  thickness 
being  0.2394  These  measurements  were  made  at  the  low  end  of  the  band  so  that  the 
radome  thickness  waa  0. 228  A,  with  A,  being  the  test  frequency.  Recall  in  the  previous 
case  the  wall  thickness  was  0.235  A,,  A^  being  the  test  frequency.  ITiis  second  radome 
presents  a  smaller  thickness  in  terms  of  incident  wavelength. 

Results  obtained  are  shown  in  Figure  6.  These  results  are  similar  to  those  in 
Figure  7,  Again,  greater  variations  exist  for  elevation  gimballing.  Measurements 
are  shown  for  two  quadrants  in  the  elevation  case.  By  symmetry  identical  results 
should  have  been  obtained,  but  for  file  region  such  that  transmission  exceeded  100%, 
precision  seems  to  be  only  to  ±10%.  Generally  computed  and  measured  results  agree, 
but  no  prediction  of  over  100%  is  possible  with  the  theory  of  section  2. 

There  seems  to  be  quantitative  evidence  here  for  an  inadequacy  in  the  theory  of 
section  2;  however,  because  of  the  results  in  Figure  6  no  entirely  clear  indication  exists. 
A  description  will  be  given  next  of  phase  difference  measurements  which  support  the 
view  that  this  ray  theory  is  not  completely  adequate  for  radomes  of  dimensions  about 
6  wavelengths  at  the  base.  Note  that  each  quadrant  is  a  coUecting  aperture  of  only 
about  2  wavelengths  on  a  side. 

In  Figure  7  are  shown  measured  and  computed  phase  differences  between  quad¬ 
rants  for  azimuth  gimballing.  It  can  be  seen  from  Figure  7  that  the  form  of  file 
measured  results  agrees  with  that  computed.  Magnitudes  of  measured  phase  differences 
indicate  discrepancies  with  computed  phase  differences  of  about  50%;  however,  the 
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11  !A. _ 1  _  -  r  XI.  -  _  . 


oumu  £iiagiukuut5  oi  uie  eiieci  is  at  uiB  iower  limit  oi  accuracy  of  the 
Here  a  precision  phase  shifter  was  used  to  compare  phase  of  the  two 
an  accuracy  of  2“  in  phase  is  all  that  can  be  claimed. 


measurement  method, 
quadrants  so  that 


In  Figure  8  there  are  shown  measured  phase  differences  between  quadrants 
for  elevation  gimballing.  Note  the  large  values  observed  for  gimbal  angles  of  18’. 
These  measured  curves  agree  for  small  gimbal  angles  with  those  computed  with  the 
theory  of  section  2,  but  disagree  for  larger  angles.  Such  measured  behaviour  seems 
to  be  a  fact  having  been  found  some  years  ago  in  an  entirely  different  radome  design 

g 

at  another  frequency  band. 
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6.  CALCULATIONS  BASED  ON  A  VERTEX  SCATTERED  WAVE 


In  these  measurements  two  nearly  equal  signals  are  compared  usii^  a  microwave 
hybrid  junction.  The  difference  of  these  signals  is  observed.  If  a  hypothesis  is  made 
that  there  exists  a  relatively  small  signal  in  addition  to  diat  described  by  the  theory  of 
section  2,  reduced  discrepancies  can  b^  obtained.  Such  a  hypothesis,  motivated 
physically,  is  that  the  vertex  scatters  energy.  Total  internal  reflection,  producing 
surface  waves  which  reradiate  seems  a  reasonable  means  for  siq)plying  and  removing 
energy.  While  the  mechanism  is  not  established  it  seems  that  the  fields  can  be  described 
as  though  a  vertex  wave  exists.  In  fact,  using  such  a  wave,  reduced  discrepancies  have 

2 

been  found  between  measvired  and  computed  patterns  of  a  horn  in  a  hollow  wedge  radome. 

Suppose  the  vertex  scatters  a  wave  of  amplitude  -0.052.  Then  for  a  quadrant  of 
the  antenna,  add  such  a  field  to  that  computed  for  a  quadrant  by  tracing  rays  as  in 
section  2 ,  taking  into  account  the  path  from  die  vertex  to  the  phase  c«iter  of  eadi 
quadrant.  The  resulting  phase  differirucc  is  computed  and  shown  in  Figure  8  .  It  can 
be  seen  that  this  last  curve  agrees  qualitatively  with  the  result.  The  vertex  wave  was 
assumed  independent  of  angle.  A  more  realistic  form  mi|^t  produce  even  smaller 
discrepancies.  However,  it  seems  diat  a  more  realistic  description  of  performance 


in  this  radome  is  produced  by  adding  a  vertex  wave  to  the  fields  computed  with  the  flat 


sheet  iheOi'y* 


xue 


-A  ACO 


described  in  References  5  and  6.  Notes  that  this  is  of  the  order  of  magnitude  of  the 
fraction  of  antenna  area  shadowed  fay  the  common  volume  of  the  radome  walls  at  the 


vertex. 


7.  SUMMARY 


A  ray  tracing  me&od  haa  been  developed  for  aj^lication  to  radomes  which  are  sur¬ 
faces  of  revolution  defined  by  von  Karman  i^ve  curves.  An  approximate  description 
was  made  assuznlng  &6  radome  to  be  locally  plane. 

For  single  layfor  radomes,  computed  and  measured  transmission  agreed  moderately 
well.  Discrepancies  were  polarization  dependent,  being  about  5%  for  dii^lacement  of 
toe  sntenna  in  azimuth  and  by  10%  for  elevation.  Measured  transmittance  exceeded 
1.00  for  some  angles  for  elevation  displacements.  Measured  and  computed  boresight 
error  agreed  moderately  well  for  azimuth.  For  elevation  discrepancies  were  large, 
and  measured  results  ai^  computed  results  were  qualitatively  different.  By  intro¬ 
ducing  toe  hypotoesis  of  a  vertex  scattered  wave  discrepancies  were  reduced,  and 
correct  qualitative  agreement  was  obtained  between  measured  and  computed  boresig^t 
error.  Transmittance  discrepancies  were  reduced  also.  While  discrepancies  are 
reduced  by  efgmwing  Qxe  field  to  be  a  plane  wave  on  vtoich  is  superimposed  a  spherical 
wave  of  smaU  magnitude,  toia  descripticm  does  not  provide  justifioation  for  a 
soattoring  mechanism.  Surface  wave  excitation  and  pxY»pegatlon  may  be  the  most 
ressonsble  eatplsnstion. 
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Figure  4. 


Computed  phase  difference  between  quadrants  A6D  for 
radomes  of  thickness  .2269  A,  and  .2322  X,. 


TRANSMITTANCE  TRANSMITTANCE 


TRANSMITTANCE  (OB)  TRANSMITTANCE  (OB) 


AZIMUTH 


GiMBAL  ANGLE  (DEGREE) 


ELEVATION 


Figure  6.  Measured  and  computed  power  transmission  coefficient  for 
quadrant  A  at  the  lowest  frequency  in  the  band.  Hadome 
thickness  was  « 2322  The  crosses  denote  measured 

datsu  The  open  circles  denote  computed  data. 
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Figure  8.  Measured  and  computed  phase  difference  between  quadrants  A&D  for  eleva¬ 
tion.  Measured  data  is  denoted  by  crosses.  The  open  circles  denote  calcu¬ 
lations  on  using  the  flat  sheet  assumption.  The  dots  indicate  data  computed 
on  assuming  a  spherical  wave  from  the  vertex.  The  radome  thickness  was 
0,2269  X,and  measurements  were  made  at  the  mid-band  frequency. 
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Figure  9.  Measured  and  computed  p>ower  transmission  of  a  radome  of 

diickness  0. 2269  A,.  Open  circles  are  for  data  computed  with  a  ver*- 
tex  wave.  Dots  are  for  calculations  made  on  assuming  a  vertex 
wave.  The  cross  denotes  measured  data. 
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ABSTRACT 

This  paper  describes  and  reviews  radomes  used  for  commercial 

technical  requiremen?rand  ?e- 
latev^  electrical  and  mechanical  parameters  are  reviewed  for  a 
variety  of  radome  types.  Included  are  a  summary  of  the  design 
criteria  and  decisions  with  which  the  radome  designer  must  be- 
co,e  ^»yolved.  together  ,ltb  tests,  both  electrieiranr^LhLx- 
cai.  Which  are  used  to  evaluate  the  material  and  the  finished 
configuration.  Attention  in  the  paper  includes  loss,  effect  oi\ 
VoiPH,  and  effect  on  the  radiation  pattern  of  various  radome  con- 
figciations,  materials,  and  material  variations.  With  regard  to 
mechanical  aspects,  wind,  snow  and  falling  ice  are  considered 
The  ladoraes  considered  range  in  size  up  to  15  ft.  in  diameter* 
and  are  designed  for  frequencies  from  2  GC  to  12  GC. 
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I .  INTHODUOTION 


i>oue  of  the  least  esoteric  forms  of  electromagnetic 
windows  are  radomes  used  in  connection  with  microwave 
coiaraunication  systems.  Because  of  the  commerical  nature 
and  relatively  long  history  of  this  type  of  radorae,  a 
state  of  relative  design  stability  has  been  reached. 
Curj/ent  research  and  development  for  such  radomes  is 
concerned  with  improved  electrical  and/or  mechanical 
performance,  increased  sizes,  higher  frequencies,  and 
manufacturing  costs.  The  question  here  is  not  can  it 
be  done,  but  rather  what  is  the  best  way  to  do  the  job. 

A  radome  is  a  shelter  used  to  protect  an  antenna  from 
the  environment  while  allowing  the  antenna  to  operate. 

In  the  case  of  microwave  radome,  this  environment  is  the 
relatively  modest  conditions  associated  with  being  out- 
of-doors,  Considers* t ion  herein  will  be  limited  to  radomes 
used  on  parabolic  antennas  which  protect  the  feed  and  all 
or  part  of  the  antsnna  surface. 

Specifically  excluded  from  consideration  are  the  larger 
bubble  or  space  frame  which  encloses  the  entire  antenna 
system.  The  information  contained  in  this  paper  is  appli¬ 
cable  to  this  latter  type  of  radorae,  but  the  specific  de¬ 
tails  are  different.  Attention  in  this  paper  is  therefore 
devoted  to  radomes  which  attach  to  the  parabola  and  cover 
the  antenna  surface  and  feed.  Figures  I-l  and  1-2  show 
examples  of  such  radomes, 

A  radome  for  microwave  application  must  resist  conditions 
which  would  be  encountered  in  actual  service.  Since  we 
are  considering  a  coraraercial  product  the  design  philosophy 
is  to  provide  with  a  single  design  for  the  full  range  of 
likely  or  specified  conditions.  Tlie  actual  design  is  a 
compromise  of  electrical  performance,  mechanical  require¬ 
ments,  and  cost.  The  final  selection  of  the  parameters 
for  which  a  radome  is  designed  depends  on  this  compromise 
and  obviously  can  vary  substantially  depending  on  the 
system  requirements,  customer,  salesman,  and  other  factors 

It  is  interesting  to  note  that  even  the  decision  to  use  a 
radorae  is  the  basis  of  an  optimization  and  compromises  by 
the  system  engineer.  Alternates  in  use  include  no  pro¬ 
tection,  heated  feeds,  and  heated  dishes.  As  a  matter  of 
fact  radomes  are  used  on  only  about  one-third  of  the  micro 
wave  antennas.  In  the  remainder  of  this  introduction  a 
tabulation  of  some  of  the  design  parameters  effecting 
radomes  will  be  made  including  a  limited  comment  on  each. 
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Windloads 


One  of  the  environmental  conditions  which  must  be  resisted 
is  the  wind.  Various  wind  velocities  can  be  used  for  de¬ 
sign  with  100  aph  being  a  reasonable  level  for  most  of  the 
continental  United  States.  It  is  interesting  to  point  out 
that  the  presence  of  a  radome  on  an  antenna  reduces  the 
net  force  on  che  antenna  due  to  wind  and  hence  may  red-ce 
tower  re<|uirements  and  costs. 

Ice  and  Snow 

Accuraulaticn  of  snow  and/or  ice  on  an  antenna  or  radome 
causes  a  degrading  of  the  signal.  The  presence  of  a  radome 
minimizes  this  problem  since  it  provides  a  shape  less  like¬ 
ly  to  accumulate  ice  or  snow  than  an  unprotected  antenna. 

In  addition,  radomes  may  be  heated  to  provide  deicing  or 
anticing  protection  or  may  be  made  flexible  to  discourage 
ice  formation. 

Falling  Ice 


For  horizontally  mounted  antennas,  ice  falling  on  the  radome 
can  be  a  serious  design  input.  Protection  may  be  provided 
by  the  radome  or  an  extra  ice  screen  may  be  provided. 

Accumulated  Debris 


Unprotected  antennas,  particularly  those  oriented  horizontal- 
ly,  can  serve  as  collectors  lor  debris.  Old  newspapers, 
leaves,  etc.  may  collect  in  the  dish.  Radomes  minimize  tliis 
possibility. 

VSWR 


Presence  of  the  radome  tends  to  reflect  radiated  energy 
from  the  antenna  back  into  the  antenna  or  by  reciprocity, 
energy  that  might  have  been  received  by  the  antenna  back 
into  space.  Its  effect  is  to  increase  (degrade)  the  voltage 
standing  wave  ratio.  To  reduce  this  effect  the  radome  must 
be  designed  so  as  to  reflect  as  small  amount  of  the  electro¬ 
magnetic  energy  impinging  upon  it  as  possible. 

iUidiation  Patterns 


The  presence  of  the  radome  tends  to  reflect,  scatter  and 
absorb  electromagnetic  energy.  Depending  upon  the  sever¬ 
ity  of  its  effect,  the  radiation  pattern  of  the  antenna- 
radome  combination  will  be  altered.  Hie  design  of  the 
radome  must  be  accomplished,  therefore,  to  make  it  as  trans- 
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parent  or  ’’invisible”  as  pos^^ible  to  the  spectrum  oi 
electromagnetic  energy  being  transmitted  or  received 
by  the  antenna. 

Gain 


This  parameter  is  tied  in  with  both  the  VSWK  and  the 
radiation  pattern  of  the  antenna-radome  combination. 

The  gain  of  an  antenna  is  a  function,  in  general,  of 
its  ability  to  radiate  electromagnetic  energy  into  space 
in  as  narrow  a  beam  consistent  with  its  aperture  size  as 
possible.  The  tendency  of  the  radome  to  reflect,  scatter 
and  absorb  a  portion  of  this  electromagnetic  energy  causes 
a  degradation  of  the  gain.  Again,  it  behooves  the  antenna 
designer  to  make  the  radome  as  invisible  as  possible  while 
retaining  mechanical  adequacy  to  satisfy  the  environmental 
parameters.  He  must  effect  these  appropriate  comprovises 
of  conflicting  requirements  within  the  framework  of  eco¬ 
nomic  feasibility. 

This  paper  is  divided  into  six  sections.  Section  II  dis¬ 
cusses  various  types  of  microwave  radoroes.  Section  III 
describes  electrical  parameters  and  Section  IV  discusses 
electrical  tests.  Section  V  considers  mechanical  tests, 
including  using  examples.  Finally,  Section  VI  summarizes 
the  state-of-the-art  regarding  microwave  radomes.  The 
Bibliography  is  collected  at  the  end  of  the  paper. 
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Membrane  Type  (Flat)  Radome 
Fig.  1-2 
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I I .  RADOME  TYPES 


It  is  convenient  for  the  purposes  of  discussion  to  con¬ 
sider  three  generic  classes  of  radomes;  rigid,,  flexible, 
and  semi-rigid.  Many  types  are  in  fact  some  combination 
or  subclassification  of  these  three.  Under  each  classi¬ 
fication  some  of  the  possible  variations  will  be  mentioned. 

Rigid  Radome 

Figure  I-l  is  an  example  of  a  rigid  radome.  By  rigid, 
reference  is  made  to  construction  which  is  self-supporting 
and  which  carries  the  full  load.  The  radome  picture  in 
Fig.  I-l  is  sprayed-up  Fiberglas.  This  type  of  con¬ 
struction  depends  on  radomes  made  of  low  loss  macerials 
idiich  have  sufficient  strength  and  stiffness  to  carry  the 
loads.  Obviously,  the  larger  the  antenna  the  more  diffi¬ 
cult  it  is  to  tarry  the  load  and  hence  the  thicker  the 
radome  must  be  if  the  same  material  is  used  and  therefore 
the  greater  the  loss.  There  is  obviously  no  limitation, 
other  than  strength,  electrical  characteristics  and  en¬ 
vironmental  requirements  to  the  materials  which  can  be 
used  for  the  radome.  In  practice,  Fiberglas  sprayed-up 
or  hand  layed-up  has  been  more  common  with  other  dense 
plastic  also  being  used  and  more  recently  radomes  being 
made  of  foamed  plastics. 

The  conical  shape  as  illustrated  by  Fig.  II-l  has  been 
commonly  used  although  there  is  no  fundamental  limitation. 
Hemispherical  radomes  as  sketched  on  Fig.  II-2  have  also 
been  used.  Current  development  on  high  performance  an¬ 
tennas  is  also  considering  the  use  of  a  flat  plate  rigid 
radome  as  sketched  on  Fig.  II-3.  Radomes  normally  cover 
the  entire  antenna,  but  occasional  use  has  been  made  of 
radomes  covering  only  a  portion  of  the  surface,  see 
Fig.  II-4.  This  technique  may  be  particularly  useful 
for  larger  antennas  althotigh  the  configuration  has  some 
of  the  disadvantages  of  the  unprotected  antennas,  e.g. 
wind  forces  and  pockets  for  the  accumulation  of  snow  or 
debris. 

Flexible  Radomes 


By  flexible  radomes,  reference  here  is  made  to  membrane¬ 
like  material,  e.g.,  Hypalon.  The  classical  example  of 
such  radomes  are  the  large  air-inflated  used  to  protect 
entire  antenna  systems.  This  concept  has  been  discussed 
for  microwave  applications,  i.e.,  an  air  inflated  bubble 
covering  the  antenna  surface  but  to  the  best  of  the 


authors’  knowledge  has  never  been  used.  The  reasons 
for  this  lack  of  use  include  the  need  for  a  continu¬ 
ally  running  blower  and  the  possibility  of  iaalfunution 
due  to  relative  modest  damage  to  the  radome.  Since 
many  microwave  antennas  are  located  at  remote  sites 
these  features  make  the  reliability  questionable,  and 
hence  have  been  the  basis  for  rejecting  this  approach. 

A  membrane-type  radome  which  has  been  used  on  a  large 
number  of  antennas  is  shown  on  Fig.  1-2  and  sketch  on 
Fig.  11-3.  The  membrane  here  is  a  flat  membrane  placed 
over  a  shrouded  high  performance  antenna.  The  wind  load 
is  taken  here  by  deflections  of  the  membrane  and  no  in¬ 
ternal  pressure  is  required. 

Semi-Rigid  Radome 


Both  rigid  and  flexible  radomes  depend  on  making  the 
entire  radome  of  a  dielectric  material  suitable  for 
electrical  transmission.  Particularly,  for  large  an¬ 
tennas  and/or  extreme  environments  the  structural  re¬ 
quirements  are  inconsistent  with  the  electric  requirement. 

In  these  instances,  a  supporting  structure  which  hold 
suitable  dielectric  material  can  be  used — this  is  referred 
to  as  semi-rigid.  The  actual  construction  can  use  a  metal 
or  plastic  frame  to  which  membrane  or  suitable  rigid  plastic 
sheets  are  attached.  Fi^.  II-5  shows  a  picture  of  a  15  it. 
antenna  with  a  tept  .  type  Hypalon  radome.  The  Hypalon  is 
supported  on  eight  aluminum  struts.  Alternate  approaches 
can  make  use  of  three  dimensional  space  frames  to  support 
the  dielectric  material.  The  actual  material  in  the 
supporting  structure  can  be  aluminum,  steel,  or  dielectric. 
One  other  approach  which  has  been  used  when  improved  elec¬ 
trical  performance  is  required  is  to  use  a  rigid  radome  as 
shown  in  Fig.  I-l,  remove  segment  of  this  radome  and  cover 
the  holes  with  a  membrane  type  material. 
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Fig.  II-4 
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III.  ELECTRICAL  PARAMETERS 


An  ideal  •'adome  would  be  one  which  was  invisible  to  the 
e lectroraagt>.etic  energy  incident  ui)on  it.  The  ideal  rador.t 
is,  of  course,  not  realizable  because  of  its  tendency  to 
reflect  (scatter),  refract,  and  absorb  a  portion  of  the 
energy  incident  upon  it.  The  radorae  designer  must,  by 
means  of  tecliniques  and  materials  available  to  liiia,  mini¬ 
mize  the  reflection,  refraction  and  absorption  to  effect 
maximum  transmission  with  the  least  perturbation  of  an¬ 
tenna  pattern.  He  minimizes  the  reflection  by  proper 
choice  of  dielectric  constant  and  thickness  oJ  the  rado.nc 
wall.  He  minimizes  absorption  by  a  choice  of  material 
work  which  has  a  low  conductivity  or  loss  tangent  at  the  fre¬ 

quency  of  operation.  The  refraction  and  pattern  pertur¬ 
bation  is  kept  to  a  minimum  by  the  use  of  a  configuration 
of  uniform  thickness  which  keeps  tlie  angle  of  incidence 
near  normal  incidence.  Hie  effect  of  these  factors,  viz., 
reflection,  refractiOii  and  absorption,  is  to  reduce  the 
gain  of  the  antenna.  The  goodness  or  merit  oi  a  radome 
is  usually  expressed,  therefore,  in  terms  of  loss  in  db 
it  imposes  ou  the  antenna  it  protects. 

1  2 

The  literature  ’  contains  many  techniques  and  approxi¬ 
mations  for  the  relationyi.  ip  of  the  reflection  and  trans¬ 
mission  coefficients  of  t;i»  radome  wall  to  the  complex 
dielectiic  constant  of  the  material  of  which  the  radome 
is  fabricated.  These  basic  relationships  will  be  summar¬ 
ized  and  their  relevancy  discussed  in  the  next  few  para¬ 
graphs. 

Loss  Due  to  Reflection 

% 

The  reflection  coefficient  is  a  measure  of  the  ratio  oi 
field  strength  reflected  to  the  field  strength  incident 
on  a  given  surface  or  discontinuity.  In  the  case  of  the 
wave  travelin.^  from  free  space  or  air  and  impinging  on  an 
infinite  slab  of  dielectric,  see  Fig.  Ill-la,  the  reflec¬ 
tion  coefficients  for  the  cases  of  the  electric  vector 
being  perpendicular  to  t‘'e  plane  of  incidence  and  parallel 
to  the  plane  of  incidence  may  he  expressed: 


I  2 

E_[  cos  i  -  sin  i 

—  =  R_L  =  -  ====== 

v^os  i  -  sin  i 
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where 


-  conductivity  in  mhos/meter 

t  *  8.85  X  lO”^"  farads/meter 
o 

tu  »  2irf 

f  »  frequency  in  cycles/second. 

The  magnitudes  of  these  coefficients  are  plotted  in 
Fig.  Ill-lb  for  various  values  of  where  k  =  -i- 

for  an  ideal  dielectric^  o.  ° 

For  normal  incidence  the  expressions  above  simplify  to: 

|R|  - 

At  normal  incidence  the  reflection  coefficient  for  a 
field  parallel  to  the  plane  of  incidence  becomes  the  same 
as  for  the  expression  for  the  electric  field  perpendicular 
to  the  plane  of  incidence.  The  apparent  ambiguity  in  sign 
can  be  resolved  by  examining  the  geometry..  Fig.  III-3  is 
a  plot  of  the  reflection  coefficient  of  a  semi-infinite 
dielectric  at  normal  incidence  assuming  a  loss  tangent  of 
0  (or  tr  a  0),  and  various  dielectric  constants. 


In  the  case  of  the  radome  wall  the  electromagnetic  energy 
must  travel  from  free  space  or  air  into  the  dielectric  and 
then  from  the  dielectric  into  free  space  again.  In  its 
Journey  it  meets  two  interfaces  or  discontinuities  as  shown 
in  Fig.  I I 1-2.  The  derivation  of  the  expression  which 
yields  the  reflection  coefficient  of  the  total  reflected 
field  to  the  incident  field  may  be  handled  as  a  boundary 
value  problem  or  a  transmission  line  analogy^.  At  normal 
incidence  it  is: 
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Assuming  symmetry,  i.e.,  the  reflections  at  the  inter¬ 
faces  are  equal;  referring  to  Fig.  III-2: 

.  ,  i®ll  I^T2l 
“  W  ■  IBtiI 

g(T)  .  I®rI 

“  IE! 

This  particular  expression  relates  the  total  reflection 
coefficient  R'*'  to  the  thickness  of  the  radome  wall  and 
the  reflection  coefficient  at  the  interfaces.  It  is 
plotted  in  Fig.  III-4. 

Fig.  III-6  is  a  plot  of  the  loss  in  db  imposed  by  a  radome 
wall  at  normal  incidence,  assuming  a  dielectric  constant 
of  3.5  and  a  loss  tangent  of  0  for  6  GO  and  12  GO,  two 
common  carrier  bands. 

Loss  Due  to  Absorption 

So  far  we  have  considered  the  loss  due  to  reflection  at 
or  near  normal  incidence  and  not  taking  into  account  the 
absorption  of  the  energy  during  its  journey  through  the 
radome  wall.  To  illustrate  the  effect  of  such  absorption 
for  various  thicknesses  of  radome  wall  at  normal  incidence, 
Fig.  III-5  has  been  plotted  which  graphs  the  percent  trans¬ 
mission  vs.  the  thickness  of  the  radome  wall  in  wavelengths 
for  various  values  of  the  loss  tangent.  Note  t’:at  for  low 
loss  materials  it  may  be  desirable  to  use  a  radome  wall 
which  is  one-half  wavelength  in  thickness.  At  6  GC  this 
would  result  in  a  wall  thickness  of  about  one-half  inch 
which  would  Je  rather  heavy  and  expensive;  however,  at 
frequencies  of  12  GC  and  higher  the  thickness  would  be 
of  the  order  of  one-quarter  inch  or  less,  which  might  make 
it  economically  feasible.  An  obvious  disadvantage  of  this 
technique  is  that  it  renders  the  radome  more  sensitive  to 
frequency . 
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Loss  Due  to  Refraction  or  Pattern  Perturbation 


For  a  radome  wall  of  uniform  thickness  and  uniform  di¬ 
electric  properties,  the  angle  of  arrival  of  an  incident 
wave  will  equal  to  the  angle  of  departure  of  that  same 
wave  after  it  has  been  transmitted  through  the  radome. 

The  effect  of  nonuniformity  in  wall  thickness  will  be 
somewhat  like  that  of  a  lens  which,  by  virtue  of  its 
effect  on  phase,  may  send  the  energy  off  into  unwanted 
directions.  Care  must  be  taken  to  maintain  uniform  thick¬ 
ness  in  the  material  used  for  the  radome  wall  so  that  this 
does  not  happen. 

Another  source  of  error  introduced  by  the  phase  shift  is 
the  multiple  reflections  occurring  between  the  interfaces 
of  the  dielectric^.  This  error  becomes  more  severe  with 
increasing  angle  of  incidence,  as  does  the  magnitude  of 
the  over-all  reflection  coefficient.  The  radome  engineer 
strives,  therefore,  to  maintain  angles  of  incidence  as 
close  to  normal  as  possible.  A  reasonable  criterion  is 
i  <  30°.  On  the  other  hand,  for  severe  requirements  the 
voltage  standing  wave  ratio  of  the  antenna,  exact  normal 
incidence  is  to  be  avoided  because  the  reflected  energy 
is  sent  directly  back  into  the  feed. 

Other  Configurations 

So  far  we  have  considered  radome  walls  consisting  of  a 
single  layer  of  dielectric  material.  The  limitations 
using  such  a  configuration  are  that  the  dielectric  con¬ 
stant,  loss  tangent,  and  thickness  must  be  considered 
very  carefully  so  that  the  combination  will  yield  a 
structure  which  is  mechanically  adequate  and  yet  be  of 
minimal  loss.  Other  techniques  to  reduce  the  reflection 
coefficient  without  a  severe  limitation  on  thickness  are 
feasible  electrically  and  mechanically  and  have  been  used 
in  many  applications  wJ  re  cost  xs  not  one  of  the  primary 
considerations.  Two  of  these  special  configurations  are 
sandwich  type  radoraes  and  foam  type  radomes.  As  the  tech¬ 
nology  of  materials  advances  and  techniques  of  bonding 
become  available  to  the  microwave  radome  designer,  he 
will  incorporate  these  configurations  to  microwave  radomes 
for  commercial  applications. 
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Reflection  Coefficient  (Rj^  and  R|, ) 
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£  *■  Incident  electric  field. 

•  Electric  field  reflected  at  first  interface. 

E-.  •  Electric  field  transmitted  through  first 
interface. 

E^2  Electric  field  reflected  at  second  interface. 
Ej  »  Electric  field  transmitted  through  wall, 

Ejj  -  Total  electric  field  reflected. 

Surface  Discontinuities 
Fig,  III-2 
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TOTAL  REFLECTION  COEFFICIENT (R^) 
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that  he  have  at  his  disposal  a  metliod  of  measuring  the 
complex  dielectric  constant  of  the  radorae  material  as 
well  as  a  technique  for  evaluating  its  total  performance 
such  as  degradation  of  gain  and  effect  on  antenna  pattern. 


Many  techniques  for  the  measurement  of  the  complex  di¬ 
electric  constant  gf  low  loss  materials  are  contained  in 
the  literature'^' The  one  employed  at  Andrew  Corpor¬ 
ation  is  illustrated  in  Fig.  IV-.l,  It  consists  of  measur¬ 
ing  one  or  ricre  thicknesses  of  ti*e  radome  material  in  the 
end  of  a  shorted  waveguide  section.  If  sufficient  care 
is  used  in  the  preparation  and  mounting  of  the  sample, 
accuracies  of  the  order  of  i  1%  can  be  obtained  for  di¬ 
electric  constant  values  and  accuracies  of  the  order  of 
1  5%  or  i  .0005  (whichever  is  greater),  can  be  obtained 
for  lo£S  tangent  values. 

To  measure  the  effective  loss  in  db  a  given  radorae  imposes 
on  an  antenna,  Andrew  Corporation  employs  a  direct  measure¬ 
ment  technique  as  illustrated  in  Fig.  IV-2.  Using  this 
setup  the  source  antenna  and  test  antenna  are  aligned  for 
maximum  signal  together  with  a  monitor  antenna  as  shown. 
Before  the  radorae  is  placed  in  position  on  the  test  an¬ 
tenna  the  ratio  meter  and  attenuator  is  set  for  a  zero 
reading.  The  radorae  is  then  placed  on  the  test  antenna 
and  the  attenuation  read  directly  in  db  on  the  ratio  meter. 
This  procedure  is  repeated  a  number  of  times  to  insure  con¬ 
sistency  of  results. 

In  cases  where  the  antenna  and  radorae  specifications  impose 
severe  requirements  on  the  sidelobe  and  the  wide  angle  radi¬ 
ation  structure  of  the  antenna  pattern,  the  antenna  pattern 
is  measured  with  and  without  the  radorae  in  place.  This 
measurement  may  be  correlated  with  the  loss  measurement 
described  in  the  preceding  paragraph  by  integrating  the 
gain  from  the  patterns  taken  with  and  without  the  radorae. 
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Complex  Dielectric  Constant 
Measurement  Test  Setup 
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V. 


MECHANICAL  CHAHAcTEKi oTIc ^  AND  TE^To 


The  most  reaixblic  test  ol  the  laechajiica i  f)ei  l orraance  ol 
microwave  radoiaes  is  tiieir  lieid  per  1  orraance .  Unfortun¬ 
ately,  nature  it»  not  very  cooperative  and  a  i  a  dome  or 
group  of  radoiues  may  not  see  the  design  environment  for 
many  years.  Microwave  sites  are  often  remote  and  even 
when  extreme  environments  occur  they  are  usually  not  docu¬ 
mented  adequately  to  provide  meaningful  test  data.  The 
problem  then  is  to  simulate  the  design  environments  under 
controlled  conditions.  Field  reports  then  serve  as  a 
check  on  the  laboratory  work  and  provide  information  re¬ 
lating  to  possible  weak  links  and  associated  design  im¬ 
provements  . 

The  effects  of  weatheri.g,  i.e.,  temperature  cycles,  sun- 
-j-  light,  moisture,  chemical  action,  etc.,  are  fairly  well 
known  and  documented.  Ordinarily  the  material  supplier 
has  available  aetailed  information  regarding  actual  field 
tests  and  prescribed  speeded-up  environmental  tests.  The 
final  radomes,  as  required,  can  be  subjected  to  environ¬ 
mental  tests  to  evaluate  their  adequacy.  There  are  nuner- 
our  tests  for  simulation  environment  conditions,  including 
salt  spray,  heat  cycles,  humidity  cycles,  and  rain  tests. 
Specific  details  o.l  these  tests  can  vary  but  in  essence 
they  all  aim  fvor  the  same  objective--introducing  more 
severe  laboratory  conditions  to  simulate  in  a  relatively 
short  time  the  long  time  effects  of  nature. 

Whenever  a  radome  is  made  in  any  way  differing  from  those 
in  use  for  many  years,  the  engineer  must  evaluate  the  effect 
of  the  change  in  weathering.  The  Engineering  and  Quality 
Control  decisions  relating  to  the  extent  of  testing  re¬ 
quired  to  evaluate  weathering  depends  on  many  factors, 
e.g.,  data  available,  quantity  involved,  and  class  of 
materials.  Obviously  not  every  such  decision  will  be 
correct.  Recently,  Andrew  replaced  two  laminated  plastic 
radomes  which  were  delaminating,  after  only  two  years  of 
service.  The  difficulty  is  attributable  to  limitation 
in  the  manufacturing  art,  although  the  original  design 
and  construction  followed  recommended  practice  and  should 
have  resulted  in  a  weatherproof  product.  It  must  also  be 
recognized  that  certain  locations  are  unique — a  radome 
construction  which  has  years  of  usage  in  many  parts  of 
the  world  may  fail  in  weeks  at  a  particular  location  due 
to  atmospheric  contamination  unique  to  that  location. 

If  this  were  known  originally  it  could  be  avoided,  but 
such  prior  knowledge  is  rare. 
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btruc tur a  1  iy  radomeis  must  withstand  the  lorces  caused  by 
the  wind.  It  xs  convenient  to  consider  two  aspects  ot 
this  problem:  wind  forces  and  structural  resj^onse.  In 
certain  instances  the  forces  and  response  are  coupled 
dynamically,  but  for  the  purposes  of  this  paper  it  is 
adequate  to  consider  them  separately.  Depending  cn  the 
shape  and  orientation  of  an  object  placed  in  the  wind 
(or  in  a  wind  tunnel)  the  pressure  distribution  over  its 
surface  can  vary  substantially.  When  interest  is  in  t)ie 
gross  loads,  e.g.,  in  designing  towers,  these  variations 
are  not  Important  and  only  the  total  force  is  significant. 

For  the  rtidorae  itself  the  nonuniformity  of  the  load  is  of 
primary  importance.  General  discussions  of  wind  forces 
can  be  found  in  many  sources  including  the  ASCE  report^ 
an'  Hoerner®.  Wind  tunnel  tests  have  been  conducted  with 
various  shapes  of  interest.  A  typical  example  is  the 
spherical  segment  with  isobars  shown  on  Fig.  IV-l®.  The 
complexity  of  the  pressure  distribution  is  obvious  from 
this  figure. 

Determination  of  the  response  of  a  i.h©ll  type  structure 
to  complex  loading  is  a  difficult  problem  either  experi¬ 
mentally  or  theoretically.  A  theoretical  approach  which 
must  be  based  on  idealization  regarding  material  and  initial 
conditions,  requires  a  complex  numerical  solution  using  a 
high  speed  digital  computer.  An  experimental  approach  also 
is  complex  due  to  the  load  distribution  required.  The  load¬ 
ing  shown  in  Fig,  V-1  was  the  basis  for  one  such  experiment¬ 
al  study^®.  This  particular  example  is  mentioned  here 
primarily  to  illustrate  the  complexity  which  can  be  involved. 
For  other  shapes,  e.g.,  the  flat  radoraes,  the  variations  in 
pressure  are  much  less  violent  and  an  assumption  of  uniform 
distribution  is  reasonable. 

In  evaluating  tue  wind  load  resistance  of  various  radoroes, 
it  is  important  that  these  complexities  be  kept  in  mind. 

For  the  flat  membrane  radome  (see  Fig.  I 1-3)  uniform  load¬ 
ing  is  adequate.  Load  tests  have  been  performed  using  dead 
weight,  sand  bags  and  subsequently  sand,  and  more  recently 
vacuum.  The  use  of  sand  (or  sand  t  ^s)  introduces  certai.-j 
limitations  since  the  arching  of  the  .sand  causes  nonuniform 
load  and  hence  aeceptive  results.  Applying  a  vacuum  to  the 
interior  of  the  antenna  produces  a  uniform  load  on  the 
radome.  The  load  deflection  curve  for  '^ne  such  vacuum 
test  is  shown  on  Fig.  V-2. 

For  the  rigid  conical  radome,  as  sn.iwn  in  Fig.  II-l,  the 
loading  would  be  more  complex.  The  shape  reduces  the  gross 
loading,  but  introduce.*?  pressure  variations  over  the  surface. 
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As  an  approximation  lor  the  actual  loi.*.ding,  vt  ha*-  been 
assumed  that  bj  taking  no  advantage  of  the  load  reductions, 
due  to  shape,  would  balance  ofl  against  the  use  of  sym¬ 
metrical  load.  This  assumption  makes  possible  to  test 
this  type  of  radorae  using  internal  vacuum.  Fig.  V-J  sl.ows 
a  10ft.  radoiue  under  such  vacuum  load--Ai  is  interesting 
to  note  that  even  this  gross  buckling  was  not  permanent. 
When  the  vacuum  was  released  the  radorae  returned  to  its 
initial  position  although  there  were  cracks  in  the  Fiber- 
glas  material  along  the  break  lines.  Based  on  vacuum 
tests  on  Fiberglas,  sprayed-up  and  hand  layed-up,  radomes, 
the  following  empirical  formula  has  been  developed  to  re¬ 
late  the  pressure  whicli  can  be  resisted  to  the  properties 
of  the  radorae. 


P 


27  IE 
(r/a)^ 


where  p  =  press’  ^e  (psf) 

E  =  Young Modulus  (psi) 

r  =  radius  of  antenna  (in) 

a  =  minimum  thickness  of  radome  (in) 

It  should  be  pointed  out  that  this  is  an  approximate 
formula  and  that  the  constant,  i.e.,  271  may  vary  by 
as  much  as  25%. 

Snow  and  ice  are  of  little  consequence  with  regard  to 
loading  and  are  assumed  to  be  covered  within  the  speci¬ 
fied  pressure,  k  Falling  ice  is  one  exception.  No  quanti¬ 
tative  data  on  falling  ice  is  known  to  the  writers.  Some 
experiments  involving  dropping  ice  and  simulated  ice,  i.e., 
aluminum  and  wood,  have  been  conducted,  but  the  results 
are  at  best  qualitative.  It  is  possible  to  compare  radomes 
of  different  construction.  It  is  also  possible  to  observe 
the  significance  of  "ice”  shape  on  damage.  It  is  obvious 
that  '*ice"  from  a  sufficient  height  will  damage  all  radomes. 
The  system  designer  has  a  choice  of  accepting  this  risk  or 
providing  the  ice  screen  to  stop  or  break  up  the  ice  before 
it  reaches  the  radorae. 
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Wind  Direction 


(«-■) 


Experimentally  Determined  Isobars 
Fig.  V-1 
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10  Ft.  Diameter  Hypalon  Radome  Subjected  to  Vacuum 
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VI.  STATE  OF  THE  ART 


This  paper  has  been  considered  in  a  relatively  general 
fashion,  radoraes  used  in  connection  with  microwave  an¬ 
tennas.  The  current  knowledge  of  these  radomes  is  far 
from  complete,  but  they  do  work  with  relative  success. 

This  is  not  an  area  in  which  any  ’’break  throughs"  are 
to  be  expected,  but  rather  improvements  and  modifications 
to  the  p^'esent  approaches. 

The  cla.,  jical  solution  has  been  Fiberglas  radomes.  This 
solution  is  limited  by  the  relatively  high  losses  which 
are  particularly  significant  at  higher  frequencies. 
Structurally,  the  adequacy  of  rigid  Fiberglas  radoiras 
is  limited  to  perhaps  12  ft.  diameter.  It  should  be  noted 
here  that  higher  frequencies  and/or  higher  performance  an¬ 
tennas  mitigate  for  thinner  radomes  which  are  structurally 
inadequate . 

Undoubtedly,  Fiberglas  radoraes  will  be  with  us  for  most 
standard  applications.  At  least,  at  the  present,  they 
represent  the  most  economical  solution.  It  is  obvious, 
however,  that  the  new  radorae  construction  will  be  used  in 
ever  increasing  numbers.  For  high  performance,  i.e., 
shrouded  antenna,  the  membrane  represents  a  relative  in¬ 
expensive  and  electrically  excellent  radorae.  This  tech¬ 
nique  has  been  used  on  antennas  up  to  12  ft.  in  diameter. 
Certain  trade-offs  are  being  considered,  e.g.,  a  tripod 
to  support  the  membrane  at  the  center  to  minimize  the 
effect  of  deflection,  thicker  membranes  to  minimize  de¬ 
flection  or  longer  shrouds  to  permit  use  of  thinner  mem¬ 
branes;  reinforced  membranes  to  minimize  deflections; 
introductions  of  internal  pressure  to  reduce  deflection. 

Where  a  shroud  is  required  for  electrical  reasons  the 
above  class  of  solutions  is  clearly  optimum  in  terras  of 
both  electrical  performance  and  cosc.  For  other  appli¬ 
cations,  the  semi-rigid  approach  appears  to  be  the  most 
advantageous.  To  date  this  approach  has  seen  only  limited 
use  and  yet  is  suitable  for  high  frequency,  low  loss 
application,  and  large  diameters.  There  are  problems  re¬ 
lating  to  aperture  blockage,  surface  inclination,  and 
other  factors,  but  these  are  at  most  details. 

Other  methods  of  radorae  construction  have  advocates  and 
undoubtedly  have  certain  advantages.  Some  of  these  have 
been  mentioned  such  as  sandwich  type  walls  and  thick  foam 
of  low  density  but  so  far  they  have  not  been  made  economi¬ 
cally  feasible.  Inflated  radoraes,  although  economically 
feasible,  still  present  certain  problems  in  field  usage. 
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The  accompanying  table  summarizes  the  attributes  of 
several  radome  types  for  comparison  purposes.  It  is, 
perhaps,  over-generalized  and  the  data  presented  are 
intended  to  be  typical  rather  than  specific. 


Trade  name  for  Chlorosulphonated-Polyethylene 
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Introduction 


The  exigency  of  integrating  the  design  of  the  antenna- radome  system 
for  aerospace  vehicles  became  apparent  when  the  possible  benefits  to  be 
derived  were  recognized.  It  was  realized  several  years  ago  that  systems 
which  were  better  electrically,  mechanically,  and  aerodynamically  and 
which  made  more  efficient  use  of  available  space  might  be  obtained  through 
this  approach.' 

As  the  speed  and  performance  of  modern  aircraft  and  missiles  has 
increased  a  need  has  developed  for  more  sophisticated  electronic  control. 
With  this  need  comes  the  requirement  for  more  efficient  use  of  the  total 
volume  of  the  vehicle  so  that  the  necessary  additional  electronic  stores 
can  be  accommodated. 

The  most  common  geometry  for  the  antenna -radome  combination  is 
the  dielectric  nose  cone  covering  a  parabolic  reflector  antenna.  There  is 
a  considerable  volume  between  the  reflector  and  the  radome  which  might 
be  used  for  electronic  stores  if  the  antenna  could  be  moved  closer  to  the 
radome . 

One  antenna  structure  which  can  be  visualized  as  being  located  quite 
near  to  the  radome  is  the  traveling -wave  structure.  This  concept  is 
pictured  in  Fig.  1 .  To  do  this  the  antenna  geometry  should  be  made  to 
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ccnfcriTi  as  nearly  as  possible  to  the  radome  shape  which  is  in  turn  deter¬ 
mined  by  aerodynamic  and  thermal  requirements.  In  any  event  the  antenna 
will  probably  be  curved  in  at  least  one  direction  and  it  is  important  to 
know  how  this  curvature  affects  the  electric  and  magnetic  fields  immedi¬ 
ately  above  the  antenna  surface  since  this  will  determine  the  manner  in 
which  the  energy  is  coupled  to  the  radome  and  therefore  the  character¬ 
istics  of  the  combined  antenna -radome  radiating  system.^ 

The  traveling  wave  structure  could  also  be  integrated  into  a  single 
unit  on  the  surface  of  the  vehicle.  This  concept  is  also  pictured  in  Fig.  1 . 
Again  the  antenna  would  likely  have  one  or  more  degrees  of  curvature  to 
satisfy  the  aerodynamic  needs  of  the  design.  The  manner  in  which  curva¬ 
ture  affects  the  radiating  properties  of  the  integrated  structure  are  then 
of  interest. 

The  fact  that  a  traveling-wave  structure  might  present  solutions  to 
other  radome  problems  such  as  structural  attachment,  mechanical  strength, 
and  the  need  to  manufacture  large  continuous  dielectric  structures  in  ad¬ 
dition  to  space  saving  potential  make  the  use  of  such  structures  more  ap¬ 
pealing  in  applications  where  they  may  have  to  be  placed  on  curved  surfaces. 

With  these  facts  in  mind  the  effects  of  curvature  on  traveling-wave 
structures  are  investigated.  The  investigation  is  carried  out  by  studying 
the  effects  of  curvature  in  the  direction  of  propagation  on  the  wave  number 
of  an  electromagnetic  field  propagating  over  a  cylindrical  traveling-wave 
surface.  Calculated  and  experimental  data  are  presented  which  show  the 
effects  of  curvature  on  the  wave  number  and  on  .le  electric  and  magnetic 
field  intensity  variations  as  a  function  of  distance  normal  to  the  curved 
surface.  Data  are  shown  graphically  for  two  specific  antenna  structures, 
the  dielectric  clad  metal  cylinder  and  the  corrugated  metal  cylinder. 

Because  of  the  simplicity  of  the  expressions  used,  other  types  of  struc¬ 
tures  may  easily  be  studied  either  analytically  or  experimentally  and 
calculations  carried  out  with  a  minimum  of  effort  on  a  desk  calculator. 


Analysis 


To  simplify  the  analysis  that  follows,  it  is  assumed  that  conductor 
and  dielectric  losses  are  negligible.  For  purposes  of  design,  a  lossless 
traveling-wave  structure  is  sufficiently  characterized  by  either  one  or 
two  parameters:  either  the  guide  wavelength  or  the  leakage  attenuation 
and  the  guide -wavelength.  In  the  case  of  slow -wave  structures  in  the 
absence  of  surface  modulation  or  curvature,  the  wavelength  along  the 
structure  is  sufficient  design  information.  In  the  case  of  leaky-wave 
structures  both  parameters  must  be  specified. 
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Ths  analysis  is  carried  out  using  ths  coordinate  transformation  shown 
in  Fig.  2.  This  transformation  starts  with  the  cylindrical  coordinate  system 
(r,4>,z')  and  sets  X  -  r  -  R  and  y'  =  z'  and  s  =  -R4)  where  R  is  the  radius  of 
curvature  of  the  surface  being  investigated.  The  analysis  of  an  arbitrary 
field  is  made  in  terms  of  a  superposition  of  the  solutions  for  a  TE  and  a 
TM  field.  The  y'  component  is  thus  of  prime  interest.  By  using  the  trans¬ 
formation  of  Fig.  2  in  the  Helmholtz  equations  expressed  in  cylindrical 
coordinates  and  assuming  no  propagation  in  the  y'  direction  the  wave 
equation  for  the  y'  component  of  a  vector  field  in  the  (X,  y',  s)  system  is 
found  to  be 
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Here  F^i  represents  the  y'  directed  component  of  the  electric  field  in  the 
TE  or  m  case  or  the  magnetic  field  in  the  TM  or  e  case.  The  quantity 
K  =  1/R  is  the  curvature  of  the  surface  and  since  the  s -coordinate  cor¬ 
responds  to  the  z-coordinate  when  the  curvature  becomes  zero  a  separable 
solution  of  the  form 
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is  sought.  Substitution  of  Eq.  (2)  into  Eq.  (1)  and  some  algebraic  manipu¬ 
lation  gives 
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The  total  derivatives  arise  because  of  the  assumption  that  F  is  independent 
of  the  other  variables;  F  =  F(X)  . 


A  solution  of  Eq.  (3)  in  powers  of  k  would  be  of  the  form 
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(4)  f”^(X)  =  A[Fo  +  F,^(X)k  +  F2  (X)k"  +  .  •  .  ] 


(5)  =  (k’^)^  [1  +af^K  f  ...  ] 
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for  the  field  intensity  and  wave  number  respectively.  The  quantity  k'  is 
the  wave  number  ,  jrmal  to  the  surface  for  the  limiting  case  of  x  =0. 


On  substituting  Eqs.  (4)  and  (5)  into  Eq.  (3)  and  equating  powers  of 
K  after  recalling  that  Fq  is  the  solution  for  the  plane  structure  the  following 
relation  is  found  for 
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The  quantity  =  -jkj^  is  the  wave  number  in  the  x  direction  for  limiting 
case  K  =0,  i.e.,  the  plane  structure. 

e 

Equation  (6)  has  one  undetermined  constant,  aj  .  An  equation  for 
determining  this  constant  is  obtained  by  noting  the  requirement  of  the 
continuity  of  the  tangential  components  of  the  electric  and  magnetic  field 
intensities  at  a  surface.  From  this,  the  requirement  that  the  impedance 
in  a  direction  normal  to  the  surface  be  continuous,  is  obtained.  The  con¬ 
stant  ap^  is  determined  from  the  impedance  boundary  condition.  In  order 
to  apply  this  boundary  condition,  two  separate  cases,  that  of  TM  excitation 
and  that  of  TE  excitation,  must  be  considered. 


Using  Maxwell's  equations  with  the  curl  expressed  in  the  proper  form 
for  the  coordinate  system  of  Fig.  2  the  s-component  of  the  field  may  be 
written  in  terms  of  the  derivative  with  respect  to  x  of  the  y'  component. 

The  requirement  of  continuity  of  the  impedance  in  a  direction  normal  to 
the  surface  then  leads  to 
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for  TE  excitation  and 
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for  TM  excitation.  Now  Z  ,  the  surface  impedance  of  the  radiating 
structure,  may  depend  on  curvature,  k’,  and  is  therefore  written 
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where  Zg  is  the  surface  impedcince  for  the  olane  structure. 


If  Eqs.  (4)  and  (9)  are  substituted  into  Eqs.  (7)  and  (S)  and,  after 
collecting  coefficients  of  k  ,  use  is  made  of  Eq.  (6),  then  some  algebraic 
manipulation  will  give  for  the  important  special  case  of  a  surface-wave 
structure 


Here  t|c  characteristic  impedance  of  the  ambient  medium  in  which 

the  propagation  velocity  is  v  and  k  =  'o/v.  The  quantity  Xg  is  the  surface 
reactance  of  the  plane  structure. 
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An  expreusion  for  may  often  be  obtained  from  an  expression  for 
the  surface  impedance  in  cylindrical  coordinates.^  P'or  large  radii  of  curva- 
ture  Zi  for  the  corrugated  metal  cylinder  is 
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(12)  Zj  ji-  “  —  (depth  of  corrugation) 
and  for  the  dielectric  clad  metal  cylinder 

(13)  zf  1  0. 


Good  agreement  with  the  boundary  value  solution  and  with  experiment 
is  obtained  even  for  relatively  small  radii  of  curvature  by  using  the  first 
two  terms  in  the  series  of  Eq.  (5)  and  by  approximating  the  square  root  by 
the  first  two  terms  in  its  binomial  expansion; 
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The  results  of  substituting  Eq.  (11)  into  Eq.  (14)  and  using  Eqs .  (12) 
and  (1  3)  are  compared  with  the  boundary  value  solutions  and  experiment  in 
Figs.  3  and  4  respectively. 

An  interesting  consequence  of  this  analysis  is  that  if  the  impedance 
function  is  intrinsically  real,  as  in  the  case  of  surface  wave  structures, 
then  the  curvature  does  not  produce  attenuation  in  the  form  of  Eq.  (5).  An 
expression  for  the  attenuation  may  be  obtained  by  another  approach  such  as 
a  determination  of  the  change  in  total  transverse  impedance  as  a  function 
of  wave  number.^  This  indicates  that  radiation  is  a  second  order  effect  of 
curvature.  Figure  5  shows  calculations  of  the  radiation  attenuation  due 
to  curvature  of  a  corrugated  surface. 

The  effects  of  curvature  on  the  electric  and  magnetic  field  intensity 
variation  as  a  function  of  distance  normal  to  the  curved  surfaces  can  be 
calculated  using  the  first  two  terms  of  the  series  of  Eq.  (4)  and  good  agree¬ 
ment  is  obtained  with  experimental  data  as  can  be  seen  in  Fig.  6. 


Conclusions 


This  analysis,  which  utilizes  prior  knowledge  of  the  properties  of 
the  plane  version  of  a  curved  structure,  has  yielded  simplified  expressions 
through  which  other  types  of  structures  may  easily  be  studied  n.  »ner 
analytically  or  experimentally  and  calculations  may  be  carried  cut  with  a 
minimum  of  effort  on  a  desk  calculator. 

In  many  cases  of  interest  k'  is  already  well  known.  For  those  cases 
where  k'  is  known  but  an  analytic  expression  for  aj  cannot  be  obtained, 
a  single  measurement  will  determine  a“^  through  Eq.  (14).  The  quantity 
k’  may  also  be  determined  experimentally.  Thus  this  method  of  analysis 
may  easily  be  applied  to  many  structures  without  the  necessity  of  a  tedious 
analytical  solution. 
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(a)  Corrugated  surface  with  depth  of  corrugations,  d 


(b)  Dielectric  surface  with  .  j.  =  4  and  thickness,  d 
Fig.  3.  Comparison  of  calculated  phase  velocities. 
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Fig.  4.  Comparison  of  calculated  and  measured 
phase  velocities. 


Fig.  5.  Comparison  of  calcu¬ 
lated  values  of  the 
radiation  attenuation. 
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Fig.  6.  Comparison  of  calcu¬ 
lated  and  measured 
field  variation  normal 
to  polyethylene  with 
K\  =  0.105. 
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ERROR  AND  LIMITATION  ANALYSIS  ON  THE 
MEAsURJiMENT  OF  DIELECTRIC  PROPERTIES  BY 
USE  OF  THE  SHORTED  WAVEGUIDE  REFLECTION 
THEORY  AT  HIGH  TEMPERATURES 

by  Russell  W.  Johnston 
Electromagnetic  Radiation  Laboratory 
Douglas  Aircraft  Coi.ipany,  Inc. 

Santa  Monica,  California 


The  development  of  microwave  radomes  and  similar  structures  wherein 
the  low  loss  transmission  of  electromagnetic  energy  is  desired  re¬ 
quires  the  determination  of  the  dielectric  constant  and  loss  tangent 
as  basic  information.  It  is  the  intent  here  to  examine  the  various 
major  sources  of  errors  and  limitations  of  the  shorted  waveguide 
method  which  has  been  used  over  the  past  decade  for  this  determina¬ 
tion.  Although  the  existence  of  other  methods  such  as  that  of 

1  2 

cavity  resonance  or  pure  reflection  is  acknowledged,  the  desire 
here  is  to  restrict  discussion  to  the  shorted  guide  approach. 

I.  THEORY  OF  MEASUREMENT 

The  method  itself  is  based  on  the  phenomena  that  if  measurements 
are  made  on  the  standing  wave  pattern  within  a  shorted  waveguide 
the  pattern  will  shift  position  and  broaden  at  the  null  with  the 
insertion  of  a  sample  material  against  the  short.  (Figures  1 
and  2.)  The  rigorous  mathematical  theory  is  contained  in  sev¬ 
eral  sources  and  will  not  be  dealt  with  here  except  for  the  pres 

3  4  5  6 

entation  of  working  equations,  f  >  * 

Determination  of  f  for  all  materials  high  and  low  loss,  may  be 

done  with  equation  (4).  However,  for  low  loss  materials  (tan  d 

less  than  .1)  equation  (4)  may  be  simplified  to  equation  (4A) . 

Equation  (4A)  results  by  equating  the  real  parts  of  equation  (4) 

7 

for  the  low  loss  case. 

The  magnitude  of  error  introduced  by  the  use  of  equation  (4), 
however,  is  about  ±1  per  cent,  but  then  the  evaluation  of  the 

g 

cumbersome  transcendental,  tanh  x/x,  is  eliminated. 


1 


The  necess^ary  relations 


are  as  follows: 
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EQUATION  5 


where:  (and  with  reference  to  figures  1  and  2) 


(X2  -  Xi)  =  shift  in  position  of  null  of  VSWR  pattern  due  to 
insertion  of  sample  material  into  guide 


AX 
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AX 2  -  AX  -  broadening  of  null  at  double  power  or  3  db 
points  due  to  insertion  of  sample  material 
in  guide 

sample  dimension  parallel  to  guide  axis  corrected  fbr  tem¬ 
perature  at  which  measurements  are  taken 

width  of  guide  perpendicular  to  guide  axis  corrected  for 
temperature  at  which  measurements  are  taken 

guide  wavelength  j  =  cut  off  wavelength 

*^c 

free  space  wavelength 

distance  from  sample  surface  to  first  null  of  standing  wave 
pattern  (see  Figure  2) 

propagation  constant  within  sample  under  test 
dielectric  constant  tan  A  =  loss  tangent 
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A  method  for  determining  the  value  of  the  VSWR  is  provided  by 
equation  (5)  where  is  measured  with  a  slotted  section  as 
the  distance  between  the  double  power  or  3  db  points  of  the 

9 

standing  wave  pattern.  The  dX  method  is  used  when  measuring 
VSWR  values  above  approximately  10  as  conventional  means  become 
Inaccurate.  This  is  easily  seen  when  one  considers  that  in 
order  to  determine  a  voltage  minimum  accurately  at  a  VSWR 
greater  than  10,  probe  coupling  must  be  increased.  Increasing 
probe  depth,  however,  can  effect  a  deformation  of  the  VSWR  pat¬ 
tern  and  in  addition  cause  a  change  in  detector  characteristics 
due  to  a  change  in  RF  level. 

Concerning  radome  development  within  the  microwave  range,  fre¬ 
quencies  between  C  and  K  band  with  high  temperatures  ap¬ 
proaching  1650®C  will  be  the  primary  ranges  of  interest  that 
are  to  be  considered  here.  A  typical  simplified  measurement 
arrangement  is  illustrated  in  Figure  3  and  the  following  analy¬ 
sis  will  be  based  on  this  system. 

II.  TECHNICAL  DISCUSSION 
A.  VSWR 

The  best  mechanical  readout  systems  that  can  be  adapted  to 
a  slotted  line,  such  as  the  Gaertner  M342,  have  a  readout 
capability  of  ±10“^  cm.  The  following  analysis  will  serve 
to  illustrate  that,  with  the  above  condition,  a  VSWR  in 
excess  of  200  at  the  slotted  section  is  necessary  in  order 
that  any  reasonable  degree  of  accuracy  be  associated  with 
the  loss  tangent  measurement  of  low  loss  materials. 

Consider  that  an  empty  waveguide  system  has  a  VSWR  of  200. 
The  return  loss  due  to  the  guide  only  will  be:  (assuming 
the  line  is  terminated  with  a  perfect  short) 

SWR4>1  201 

db  return  loss  =  20  log  ~  20  log  =  .0864db 
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Further  consider  that  a  sample  whose  dielectric  constant 
and  loss  tangent  are  to  be  determined  when  inserted  into 
the  guide  as  in  Figure  2  causes  an  additional  .01  db  return 
loss.  (From  Figure  5,  a  typical  low  loss  sample  approxi¬ 
mately  .4  cm  thick  at  a  wavelength  of  3  cm  and  with  a  die¬ 
lectric  constant  of  about  3.0  will  yield  a  loss  tangent  of 
.0008.) 

.01  db  +  .0864db  =  .0964db  =  20  log  or  SWR  =  180.4 

The  value  of  corresponding  to  the  above  condition  may 
now  be  obtained  through  the  use  of  equation  (5) . 

4Xn  =  — let  Xg  =  3cm  ilXo-ilXi  =  .0520. 10%m 

ttSWR  ^ 


4Xi  -  — L_  -  ,4777.10^  cm 
Jr200 


4X2=:  _ ? _  s  .5297.10^  cm 

Jrl80*4 


_  4 

With  the  readout  capability  of  ±10  cm,  an  error  of  approx¬ 
imately  20  per  cent  would  be  resultant  in  the  calculation 
of  the  loss  tangent  regardless  of  other  sources  of  error 
(since  4Xoctan6  by  equation  (2)  ).  A  further  calculation 
starting  with  a  VSWR  =  50  in  empty  guide  and  the  same  .01 
db  return  loss  through  the  inserted  sample  will  result  in  a 
value  of  .00022  for  ilX.  With  the  same  readout  capability 
as  in  the  former  case,  this  value  of  4X  would  imply  an 
error  approaching  50  per  cent  in  the  loss  tangent.  From 
these  two  cases,  it  would  appear  that  a  VSWR  higher  than 
200  is  required  in  order  to  determine  ^Xby  a  conventional 
mechanical  readout  system. 
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However,  it  is  not  possible,  at  K  band  for  example,  to 
obtain  a  VSWR  of  over  160  on  a  10*'  section  of  waveguide  as 
the  following  consideration  illustrates:  (on  an  oven 
capable  of  maintaining  1600® C,  10"  could  be  about  the  mini¬ 
mum  length  of  guide  from  short  to  slotted  section  as  in 
Figure  3). 

Assume  a  distance  of  10"  between  short  and  slotted  line. 

10 

Let  the  guide  be  of  pure  silver  (.Idb  attn./ft.).  The 
return  loss  from  the  guide  would  be: 
il 

10"  X  X  , Idb  X  2  =  . 16667  db  return  loss 

then:  .  16667 db  =  20  log  |||^  or  SWR-S7 

As  a  VSWR  approaching  200  is  then  unattainable  in  the  prac¬ 
tical  case,  the  only  alternative  would  be  to  increase  the 
sample  size  in  the  direction  of  the  guide  axis  (d’t*  in 
Figure  2)  which  would  in  turn  increase  ilX.  However,  sample 
materials  from  existing  radomes  under  development  are 
necessarily  less  than  a  quarter  guide  wavelength  thick  at 
any  given  frequency.  At  K  band,  this  obtainable  sample 
size  necessitates  a  VSWR  higher  than  that  theoretically 
obtainable . 

The  high  error  will  not  always  be  had,  particularly  when 
one  has  an  exceptionally  lossy  sample,  in  which  case 
will  increase  to  a  value  such  that  the  error  could  go  as 
low  as  1  per  cent.  However,  with  the  low  loss  materials 
that  are  desired  in  radome  or  electromagnetic  window  appli¬ 
cations,  ^X  will  remain  small  and  the  lower  the  loss,  the 
higher  the  empty  guide  VSWR  must  be  in  order  to  determine 
the  loss  tangent  with  any  reasonable  degree  of  accuracy. 

B.  Residual  VSWR 

The  residual  VSWR  of  a  system  arises  from  one  or  more  low 
loss  discontinuities  such  as  flanged  joints  and  slots  in 
slotted  sections. 
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This  residual  VSnK  eaii  be  calibrated  from  the  system  If 
one  has  a  movable  short  which  duplicates  that  of  the 
shorted  sample  holder.  The  sample  holding  short  however, 
must  be  designed  and  constructed  for  the  highest  VSWR 
attainable  as  has  been  shown  to  be  necessary.  Construction 
of  a  sliding  short  to  duplicate  this  condition  over  a  wide 
linear  range  would  be  impractical,  in  particular  since 
"sliding"  implies  that  the  short  may  not  be  even  a  good  one 
electrically. 

The  residual  VSWR  of  a  slotted  line  is  given  as  1  +  ^ 
where  A  is  the  peak  to  peak  linear  error  of  the  slotted 
line.^^  That  is,  if  a  short  is  moved  away  from  the  end  of 
a  slotted  line,  a  null  position  on  the  line  will  vary  in 
amplitude  as  a  sine  wave.  A  is  then  the  peak  to  peak  value 
of  this  sine  wave  or  the  tracking  error. 

With  a  residual  VSWR  of  1.01  (typical  of  the  best  commer¬ 
cial  slotted  sections),  A  can  vary  between  .010  cm  and  .003 
cm  for  frequencies  between  C  and  X  band  respectively.  From 
the  example  prescmted  earlier  in  this  paper,  AX.  may  be  on 
the  order  of  magnitude  of  A.  If  then,  calibration  of  the 
particular  system  utilized  here  is  impractical,  the 
tracking  error  may  cause  an  error  in  the  loss  tangent  as 
high  as  50  per  cent . 

The  errors  in  linear  measured  quantities  are  not  only  appli¬ 
cable  to  the  loss  tangent,  but  to  the  determination  of  the 
dielectric  constant,  K,  as  well.  Consider  the  case  where 
the  dielectric  constant  of  a  material  is  4.00,  and  a  sample 
is  made  with  its  length  equal  to  a  quarter  guide  wavelength. 
By  use  of  the  relation: 

1 

A  =  where  for  good  dielelec tries 

(i  =  #1^,  it  can  be  shown  that  the  standing  wave  shift, 

(X2-Xj)  in  equation  (3),  will  be  a  quarter  guide  wavelength. 
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Any  error  introduced  in  measuring  this  quantity  is  negligi¬ 
ble.  Consider  further  however,  the  case  where  the  dielec¬ 
tric  constant  is  9.00.  Here  there  will  be  no  null  shift. 

It  is  then  theoretically  possible  to  have  a  null  shift  that 
can  only  be  measured  to  a  very  high  degree  of  error  even 
with  ±10“^  cm  capability.  From  equation  (3),  a  shift  this 
small,  though,  would  produce  little  error  in  the  value  of 
and  hence  little  in  the  determined  value  of  K. 

Also,  the  magnitude  of  error  in  measuring  idX  will  appear  in 
equation  (4)  where  values  of  VSWR  are  required.  The  error 
will  appear  in  the  propagation  constant,  f,  of  the  material 
and  in  turn  in  K.  This  will  be  the  case  if  equation  (4) 
instead  of  (4A)  is  used  when  precise  solution  for  F  is  re¬ 
quired  (i.e.,  when,  as  a  mininum,  ±1  per  cent  error  can  be 
tolerable  in  determining  K) . 

C.  Sources  of  Various  Other  Errors 

1 .  Attenuation 

When  determining  JiX,  the  3  db  level  is  found  by  using 
a  precision  attentuator.  The  best  commercial  units 
available  specify  a  readout  tolerance  of  . 1  db  or  2  per 
cent,  whichever  is  greater.  A  simple  analysis  will  re¬ 
veal  that  with  this  tolerance,  che  error  in  determining 
the  3  db  points  will  give  a  linear  deviation  in  4X  of 
approximately  11* 10“^  cm.  Assuming  that  a  VSWR  of  50 
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or  34  db  is  obtained  and  that  the  SWR  pattern  has  the 
form  y  =  A  sin‘‘^  where  A  is  a  constant  then: 

34  db  =  10  log  y 

34  db  =  10  log  (A  sin^O) 

=90®,  sin^0  =  1  and  A  =  25000 

y  in  db  =  10  log  25000  sii\^  $  (1) 

differentiating:  ^  (log  e)  (cos  B)  (2) 

@  y  =  3  db,  Sind  and  cos  B  are  determined 

from  (1)  and  substituting  in  (2)  results  in 

--  =  970.  When  Ay  =  .1  db, 

B  =  1.032.10”^®  which  at  X  band  gives  a  linear 

deviation  of  11*10“^  cm. 


This  figure  will  increase  with  lower  values  of  VSWR, 

however  it  has  been  shown  that  a  VSWR  well  above  50  is 

required.  A  value  of  VSWR  of  50  though  is  easily 

attained  and  as  the  deviation  of  11*10”^  cm  is  far 

-  4 

smaller  than  a  readout  capability  of  ±10  cm,  the 
error  introduced  here  is  seen  to  be  far  less  than  that 
of  other  sources  and  in  the  practical  case  may  be  con¬ 
sidered  negligible. 

2 .  Error  Related  to  Frequency  Stability  and  Modulation 

Frequency  instability  will  have  the  effect  of  causing 

an  increase  in  measured  values  of  AX.  The  loss 

tangent  would  then  contain  a  further  error  from  this 

effect.  The  effect,  however,  may  be  made  minimal  by 

the  addition  of  1000  cycle  amplitude  modulation  of  the 

carrier  signal  by  utilizing  a  waveguide  crystal 

switching  circuit.  With  the  further  addition  of  an 

oscillator  synchronizer,  frequency  stability  of  the 

_4 

klystron  can  then  be  expected  to  be  witiiin  10  per 
cent  per  week  or  10“^  per  cent  per  day. 
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3.  Multiple  Reflections 

SJuitipie  reflections,  caused  by  the  existence  of 
higher  modes  of  transmission  within  the  sample  under 
test,  may  cause  a  serious  error  in  all  measurements  at 
the  slotted  section  and  as  a  result  negates  the  use  of 
large  samples. 

The  precise  effect  of  this  phenomenon,  however,  has  not 
been  determined  and  it  must  suffice  to  say  that  care 
must  be  taken  to  see  that  the  sample  dimensions  are  not 
quarter  or  half  wavelength  multiples  of  these  higher 

^  13 

modes . 

4 ,  Temperature 

As  measurements  on  materials  for  radomes  are  often  done 
at  high  temperatures,  there  will  enter  expansion  errors. 

The  error  effects  of  thermal  expansion  of  the  microwave 
system  can  be  divided  into  two  types:  measurable  and 
indeterminant.  The  measurable  errors  are  primarily 
those  involving  determination  of  lengths  and  the  prob¬ 
lem  of  fits. 

If  standard  waveguide  is  utilized,  that  is  with  toler¬ 
ances  of  ±.003"  at  X  band  and  ±.002"  at  K  band,  an 

empiracal  fit  correction  must  be  applied  to  the 

14 

measured  value  of  K:  See  Figure  4. 

*true  =  ^measured-' >  '  (  ^  ‘ 

The  exact  value  of  a  given  dielectric  is  not  known, 
therefore,  it  can  only  be  said  that  the  value  of  K  is 
shifted  to  a  more  correct  value  but  that  a  percentage 
error  will  still  remain.  For  example,  if  a  material 
has  a  dielectric  constant  of  8.637  exactly  and  the 
measured  value  is  8.5S>w  within  3  per  cent,  the  fit  cor¬ 
rection  may  yield  8.620  but  still  with  the  initially 
associated  error. 
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The  indeterminant  error  lies  In  the  temperature  dif¬ 
ference  between  the  slotted  line  and  the  heated  sample. 
The  configuration  illustrated  in  Figure  3  might  have  a 
10”  to  12”  distance  between  slotted  section  and  short 
with  a  temperature  difference  of  1600®C.  As  the  guide 
inner  dimensions  will  not  be  the  same  over  this  dis¬ 
tance  neither  will  the  field  configuration  remain 
unaffected. 

The  magnitude  of  the  standing  wave  within  tie  guide 
will  change  with  position  as  attenuation  of  the  walls 
will  vary  with  the  temperature  gradient  from  sample  to 
slotted  line.  The  problem  here  is  compounded  by  a 
temperature  stability  of  approximately  ±10  to  15®C  at 
best  when  taking  measurements  at  1600®C.  As  a  result, 
measured  linear  quantities  would  not  be  the  same  at  the 
slotted  section  as  directly  in  front  of  the  slotted 
line.  Considering  the  nonlinearities  in  the  change  of 
the  standing  wave  pattern  in  the  sample  contrasted  to 
the  change  of  the  pattern  in  empty  guide  with  a  change 
in  temperature,  the  error  introduced  here  would  be 
fairly  difficult  to  determine. 

5.  Mechanically  Introduced  Error  and  Repetition 

The  slotted  line  probe  can  produce  an  error  by  dis¬ 
turbing  the  standing  waves  within  the  guide,  but  if  the 
penetration  of  the  probe  is  set  such  that  at  maximum 
VSWR  meter  sensitivity,  vertical  movement  of  the  probe 

causes  very  little  or  no  change  in  or  the  null  shift, 

15 

this  error  is  effectively  eliminated. 

On  a  side  drive  slotted  line  however,  gimballing  of  the 
probe  can  result  from  the  effects  of  the  drive  upon  the 
ways  of  the  probe  carriage.  At  high  values  of  VSWR, 
this  effect  has  in  practice  shown  to  produce  incorrect 
data.  Variations  in  ambient  temperature  can  tighten 
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or  loosen  the  fit  of  the  drive  to  the  carriage  and 
in  turn  cause  a  change  in  the  verticality  of  the 
probe  with  an  error  resulting  in  all  linear 
measurement . 

Concerning  repetition,  it  has  been  determined  experi¬ 
mentally  that  if  the  slotted  line  has  a  linear  read- 

_4 

out  capability  of  10  cm  or  smaller,  determination  of 
a  linear  position  cannot  be  made  repetitively  as  the 
VSWR  meter  null  readings  are  not  quite  sharp  enough 
and  utilization  of  the  slotted  line's  readout  capabili¬ 
ty  is  then  lost . 

III.  CONCLUSION 

The  produced  error  is  seen  to  arise  from  many  sources  and  will 
vary  particularly  with  the  precision  of  mechanical  readout. 

The  error  contained  in  the  determination  of  tand  may  be  quite 
high  as  has  been  shown.  Also,  the  accuracy  of  determining 
tand  will  depend  on  the  loss  characteristics  and  chosen  widths 
of  samples  and  a  precise  prediction  of  error  will  not  be 
attempted. 

The  dielectric  constant  may  be  determined  to  a  higher  degree 
of  accuracy  than  the  loss  tangent  as  the  linear  measurement' 
necessary,  (X2-  Xj)  is  not  in  direct  proportion  to  K  and  it 
has  been  shown  that  when  the  quantity  becomes  so  small  as  to 
be  measured  only  with  high  error,  no  major  error  is  contrib¬ 
uted  to  the  value  of  K. 

A  figrure  of  within  5  per  cent  may  be  considered  to  be  typical 
but  may  increase  depending  on  the  precision  of  equipment 
utilized  and  care  expended  in  achieving  high  stability  of  both 
frequency  and  temperature. 
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